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ABSTRACT 
 
The application of dendritic-based materials has attracted great interest. For the 
first time this research has investigated the feasibility of poly (propyleneimine) 
(PPI) dendrimers and hyperbranched polyethyleneimine (HPEI) in combination 
with beta-cyclodextrin (β-CD) embedded in polysulfone (PSf) membrane for water 
treatment. The advantage of embedding these conjugates (β-CD-PPI and β-CD-
HPEI) in PSf membranes is the presence of numerous nanocavities which can act 
as water channels allowing easy water passage through the membrane improving 
water permeability. Secondly, the presence of functional groups such as –OH and 
–NH greatly improves hydrophilicity of membranes. 
Commercial polysulfone (PSf) ultrafiltration membranes were crosslinked with β-
cyclodextrin-poly (propyleneimine) (β-CD-PPI) and β-cyclodextrin-hyperbranched 
polyethyleneimine (β-CD-HPEI) using trimesoyl chloride (TMC) by interfacial 
polymerisation. These membranes were used in the rejection of Aldrich humic acid 
(molecular weight: 4.1 kDa) from synthetic water samples prepared in the 
laboratory. Moreover, β-cyclodextrin-poly (propyleneimine) (β-CD-PPI) was used 
as a host for the preparation of Fe/Ni nanoparticles. The new membranes were 
synthesised by crosslinking β-CD-PPI with trimesoyl chloride and subsequently 
loading Fe/Ni nanoparticles and this was supported on a commercial polysulphone 
(PSf) layer for the degradation of 2,4,6-trichlorophenol (2,4,6-TCP). The 
membrane surfaces were characterised using Fourier transform 
infrared/attenuated total reflectance (FT-IR/ATR) spectroscopy , scanning electron 
microscopy (SEM), atomic force microscopy (AFM), high resolution transmission 
electron microscopy (HR-TEM), water-contact angle, and water-intake capacity. 
The modified membranes were compared to the unmodified commercial PSf 
ultrafiltration membranes. 
The modified membranes (β-CD-PPI-PSf) exhibited high humic acid rejections of 
72% for β-CD-G4 (generation 4)-PPI-PSf and 64% for β-CD-G3 (generation 3)-
PPI-PSf. The high rejection was attributed to the structure of the β-CD-PPI-PSf 
vi 
membranes which has a high loading capacity due to the combination of the two 
molecular cavities of β-CD and the PPI dendrimer.  
The β-CD-HPEI membranes had a higher rejection of humic acid (>80%) and 
hydrophilic (25° to 63°) than the pristine PSf. The membranes also exhibited better 
antifouling properties due to the hydrophilic surface which acted as a barrier to 
humic acid deposition. 
The Fe/Ni nanoparticles prepared in the β-CD-PPI host were in the range of 43 nm 
to 60 nm. The reaction rates for the dechlorination of 2,4,6-trichlorophenol were 
0.0775 min-1 and 0.06406 min-1 for β-CD-G3-PPI-PSf-Fe/Ni and β-CD-G4-PPI-PSf-
Fe/Ni, respectively, and these were accompanied by the generation of chloride 
ions and a mixture of dechlorination by-products such as phenol (m/z = 93), 2,4-
dichlorophenol (m/z = 163) and 4-chlorophenol (m/z = 128). The results suggest 
that the β-CD-PPI nanostructures are promising materials for the synthesis of 
composite membranes containing bimetallic centres and these membranes can be 
used as catalytic and adsorption sites for the efficient removal of chlorinated 
organic pollutants from water. 
The immobilisation of these materials i.e. β-CD-PPI and β-CD-HPEI on the 
commercial PSf ultrafiltration membrane is economically viable. This is because 
the materials are immobilised in form of a thin film and it is cost effective because 
it accounts for a small portion of the total material. Moreover HPEI is considered 
as an alternative to PPI dendrimers since the former are can be easily be 
synthesised in large scale hence are more viable in large scale water treatment 
applications. 
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CHAPTER 1:  
 INTRODUCTION 
 
1.1 Problem statement 
Water treatment is a huge challenge for municipalities and water-purification 
industries. Several conventional water-treatment methods such as the use of 
sedimentation, flocculation, coagulation, activated carbon and reverse osmosis 
have been employed in the removal of various types of pollutants from water but 
despite treatment some of these pollutants still persist.1  In particular, the presence 
of natural organic matter (NOM) in water-treatment systems negatively impacts the 
removal of organic micro-pollutants and pathogens.2 
NOM is a complex heterogeneous mixture of organic material such as humic 
substances, polysaccharides, amino sugars, lipids and peptides.3 This mixture of 
organic compounds represents the largest fraction of organic substances present 
in terrestrial and aquatic environments.4,5 NOM is of great concern to water utilities 
since it causes a brackish colour, bad taste and odour problems in water.6 
Furthermore, NOM is also known to react with chlorine and other oxidants to form 
disinfection by-products (DBPs) such as trihalomethanes (THMs) and haloacetic 
acids (HAAs) which are carcinogenic.5 NOM is also known to interfere with other 
treatment processes such as the use of activated carbon, membrane filtration, ion 
exchange and exacerbates membrane fouling and biofilm growth.5  
Organic micro-pollutants such as polycyclic aromatic hydrocarbons (PAHs) 
polychlorinated biphenyls (PCBs) and aniline derivatives are carcinogenic, 
mutagenic and have endocrine-disrupting and high toxicological effects.7,8 
Nitroaniline for example is a highly toxic agent to humans and is absorbed through 
the skin and by inhalation. This compound affects red blood cells reducing their 
capacity to transport oxygen. Dionisi et al.7 reported that PAHs and PCBs affect 
the performance of water treatment plants by significantly decreasing the removal 
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efficiency of ammonia nitrogen. The authors observed that the presence of PAHs 
and PCBs decreased the removal of ammonia nitrogen by an activated sludge 
process from 82% to between 29% and 37%.7 
Current methods such as activated carbon and reverse osmosis are not able to 
completely remove organic pollutants to the acceptable levels.9 For example, 
when activated carbon absorbs moisture it loses its adsorptive effectiveness and 
therefore fails to remove organic pollutants at ppb levels.9 Reverse osmosis, on 
the other hand, has been successfully used in the desalination of water but it is 
costly for the removal of small molecules from water because it is not perfectly 
semi-permeable. This method also requires high capital and operating costs.9  
Commercial membranes have been modified with different types of monomers for 
water treatment. Chiang et al.10 and Wei et al.11 prepared hyperbranched 
polyethyleneimine and hyperbranched polyester respectively to produce 
nanofiltration membranes for salt rejection. Han et al.12 prepared hyperbranched 
polyamidoamine/PSf composite membrane for the removal of cadmium from 
contaminated aqueous media. Zheng et al.13 used polyvinyldenene fluoride 
(PVDF)/zirconia flat sheet membranes for the removal arsenate and bacteria . 
β-cyclodextrin (CD) polymers have the capacity to trap and remove organic 
pollutants from water. These polymers have been used to successfully remove 
pollutants such as nitrosamines, geosmin and 2-methylinesorboneol and 
chlorinated disinfection by-products.14,15,16 However, when the polymers were used 
in the removal of humic acid (used as a model of natural organic matter), this 
pollutant was removed at a very low level (23%).17 This was attributed to the fact 
that the humic acid molecule is larger than the cyclodextrin cavity hence 
accounting for the low removal efficiency.17 Therefore, in order to devise an 
effective system for the removal of huge molecules such as humic acids and other 
organic pollutants, it was necessary to introduce another entity (dendrimer) into the 
polymer system. 
In this study, the interest in dendrimers was driven by the fact that they contain 
nanocavities therefore a high loading capacity for encapsulation of organic 
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pollutants.18 Also, their terminal groups could be easily functionalised with the 
cyclodextrin molecules. The attachment of chemical moieties to dendrimers at the 
peripheral region has been known to result in the formation of new molecules for 
the development of advanced materials and processes in water treatment.19 In 
addition, dendrimers have been used as templates in the preparation of 
nanocatalysts.20 These molecules have been found to control the nanocatalysts’ 
size and dispersity, thus preventing agglomeration. All these factors are crucial in 
the preparation of stable and highly active nanocatalysts. 
1.2 Justification of the study 
β-cyclodextrin polymers, dendrimers and nanocatalysts have previously been used 
in the removal and degradation of a variety of pollutants. Dendrimers are highly 
branched polymers that have attracted the attention of scientists due to their 
unique physical and chemical properties. Nanocavities in the material can trap a 
variety of catalytic species, organic pollutants and active drug compounds.1,20 
Previous work demonstrated that β-cyclodextrin polymers, are capable of 
removing a variety of organic compounds from water. 15,16,21 Nanocatalysts such as 
TiO2, Fe, Pt, Fe/Ni can reduce chlorinated compounds to non-harmful compounds. 
TiO2 has the ability to degrade organic macromolecules such as NOM into 
aldehydes and ketones. Despite numerous studies carried out by our research 
group and other researchers there is still a need to further explore the properties of 
cyclodextrin polymers so that they can be tailored for the removal of a wide variety 
of pollutants.  
There have been numerous reports on the synthesis and application of β-
cyclodextrin dendrimer conjugate, but their application has mostly focused on the 
medical field such as drug and gene delivery.22,23 To the best of our knowledge 
these cyclodextrin dendrimer conjugates with and without nanocatalysts have also 
not been supported on membranes and used in water purification. However, 
silylated dendrimers have been incorporated into ceramic membranes and used in 
the removal of PAHs, monocyclic aromatic carbons, trihalomethanes and 
pesticides from water.1 
  Chapter 1: Introduction 
4 
This study sought to investigate crafting a system that combines cyclodextrins, 
dendrimers and nanocatalysts tailor-made for the removal of NOM and other 
organic pollutants from water. In order to improve the existing conventional water-
treatment methods, these moieties were incorporated into polysulfone membranes 
using an interfacial polymerisation method. This system has a defined 
nanostructure which improved the rejection of organic pollutants. 
1.3 Objectives of the study 
This study was undertaken with the following specific objectives: 
a)  To synthesise and characterise β-cyclodextrin carbonyl imidazole (β-CD-
CIm) which was used as a precursor for the synthesis of β-cyclodextrin poly 
(propyleneimine) dendrimer (β-CD-PPI) conjugates. The main aim was to 
devise a reliable optimised synthetic pathway of the precursors for β-CD-
PPI synthesis. Characterisation of β-CD-CIm was carried out using Fourier 
transform infrared (FT-IR) spectroscopy, proton (1H) and carbon (13C) 
nuclear magnetic resonance spectroscopy (NMR). 
b) To synthesise and characterise β-CD-PPI conjugates using FT-IR, 1H and 
13C NMR, mass spectrometry-electron spray ionisation (MS-ESI), 
thermogravimetric analysis (TGA) and elemental analyser (EA). This was 
carried out in order to optimise a method for the synthesis of the conjugates 
to enable us to explore applications due to their high loading capacities. 
c) To synthesise β-CD-PPI star polyurethane by polymerising β-CD-PPI 
conjugates with hexamethylene diisocyanate (HMDI). The polyurethanes 
were characterised by FT-IR and solid state 13C-NMR spectroscopy. Since 
the β-CD-PPI conjugates in (b) are water-soluble, reaction with HMDI would 
render it water insoluble hence they would be more applicable in water 
treatment. 
d)  To synthesise and characterise poly(propyleneimine) (PPI) capped Fe/Ni 
nanoalloy. Characterisation was carried out using FT-IR, high resolution 
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transmission electron microscopy (HR-TEM) and photoluminescence 
spectroscopy (PL). This study was carried out to illustrate the effectiveness 
of the PPI dendrimer as a template in the production of quantum-dot-sized 
(1 nm to 4 nm) Ni-Fe nanoalloy. 
e) To synthesise and characterise β-cyclodextrin hyperbranched 
polyethyleneimine (β-CD-PEI) using β-CD-CIm as a precursor and 
characterise it using the techniques listed in (b). PEI hyperbranched 
polymers have the same physical properties as PPI dendrimer hence they 
were used since they are much cheaper and can be considered as 
alternatives to PPI dendrimers for large-scale water applications. 
f) To functionalise β-CD-PPI and β-CD-HPEI onto polysulfone ultrafiltration 
membrane supports (pore size of approximately 4.8 nm). Moreover, to use 
β-CD-PPI for the immobilisation of Fe/Ni nanoparticles to make a catalytic 
membrane. These conjugates were supported on membranes in order to 
make them more applicable in industry for real water application. FT-IR, 
HR-SEM, atomic force microscopy (AFM), water-contact angle, water 
permeability, porosity, and water-intake capacity were used for 
characterisation of the membranes. 
g) To test the ability of the new composite membranes prepared above for the 
removal of organics from water by performing rejection studies. These 
experiments involve placing the membranes in a cross-flow system. The 
known concentrations of the pollutant, i.e. the feed is passed through the 
membranes and the permeate is collected. Ultraviolet visible (UV-Vis) 
spectroscopy was used to quantify the permeate after performing the 
rejection studies. 
1.4 Thesis outline  
The following thesis outline gives a brief description of the content of chapters to 
follow. 
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Chapter 2 gives an extensive literature review that relates to the study 
undertaken. From the literature cited in this chapter it is evident that the different 
dendrimer and hyperbranched systems synthesised by different investigators have 
mainly been used in other applications except water treatment.  
Chapters 3 to 6 are presented as papers and have been submitted for publication. 
The synthesis and characterisation of the β-CD dendrimer star polyurethane is 
extensively covered in Chapter 3. In this chapter detailed characterisation of β-CD 
dendrimer conjugate and the star polyurethane polymer is discussed. 
Synthesis, characterisation application of PPI-capped nanoalloy is discussed in 
Chapter 4. The PPI dendrimer has been used for the first time to prepare a Fe/Ni 
nanoalloy. The dendrimer was found to produce quantum-dot-sized Fe/Ni 
nanoparticles with an average size of 2 nm and there was an even distribution of 
the nanoparticles which were found to be stable. The Fe/Ni nanoparticles also 
exhibited photoluminescence properties. 
Chapter 5 is an extension of Chapter 3. The aim is to support β-CD PPI on a 
commercial polysulfone (PSf) membrane for the removal of humic acid from 
synthetic solutions prepared in the laboratory. Humic acid was used as a model 
pollutant for NOM because it is a major constituent of NOM. 
β-CD-HPEI, synthesis, characterisation and application in water treatment are 
reported in Chapter 6. This material was further embedded onto the commercial 
PSf membrane and this membrane was used in the removal of humic acid. This 
material can be seen as an alternative to the β-CD-PPI technology due to its cost-
effectiveness. 
The β-CD-PPI-PSf membrane discussed in Chapter 5 was loaded with Fe/Ni 
nanoparticles. In Chapter 7 the synthesis, characterisation and application 
composite polyester membranes with embedded dendrimer hosts and bimetallic 
Fe/Ni nanoparticles are discussed, and its application in the dechlorination of 2, 4, 
6-trichlorophenol is presented.  
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This thesis concludes with Chapter 8, which highlights the overall achievements of 
this work. Recommendations for future work are also outlined. 
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CHAPTER 2:  
 LITERATURE REVIEW ON APPLICATION IN WATER TREATMENT 
 
2.1 Dendrimers: An overview 
Dendrimers are a class of regularly branched macromolecules with unique 
structural and topological features.1,2,3 The term dendrimer was introduced by 
Tomalia and comes from the Greek word for tree.2 These macromolecules are 
multi-branched, highly functionalised and have a 3-dimensional architecture with 
very low polydispersity.2 These features make the dendrimer different and unique 
from other macromolecules. Dendrimers are also referred to as arborols or 
cascade molecules and are typically in the molecular weight range of 5 000 to 500 
000 g·mol-1.  
A typical dendrimer structure shown in Figure 2.1 consists of three basic 
components, that is the core, branching units and multivalent surface.  
E
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Figure 2.1: Schematic representation of the core (O); branching units (Y); and the 
multivalent surface (E) of a dendrimer 
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The multifunctional core can harbour a variety of molecules. As the generation of 
the dendrimer increases the core gets shielded off from the surrounding dendrimer 
wedges. The branching units are found within the voids of the structure and can 
trap suitable guest molecules. The number of highly functionalised groups in the 
dendrimer structure is well suited for host-guest interactions. Furthermore, the 
dendrimer exhibits a multivalent surface that accommodates large functionalities 
and this is a means of interacting with the outside environment (E). The multivalent 
surface is dependent on the dendrimer generation and the surface acts as a 
border from the surrounding environment.4 
Commercially available poly(amido amine) (PAMAM or starburst), poly 
(propyleneimine) (PPI, DAB or Astramol) and dendritic polylysine structures have 
been widely used in industrial and medical research.5 However in this study we 
focused on PPI dendrimers. These dendrimers have a diaminobutane (DAB) core 
and are sometimes denoted as DAB-Amx, where x denotes the number of terminal 
amino groups. DAB poly(propyleneimine) dendrimers were first synthesised by 
Meijer and de Brabander-Van den Berg in 1993.6  
PPI dendrimers were used in this study due to their high thermal tolerance since 
they decompose at a temperature of 470°C compared to PAMAM dendrimers 
which decompose at a temperature of 100°C. Moreover, PPI dendrimers (see 
Figure 2.2) are readily available, have reactive peripheral regions and consist of 
internal cavities that can trap undesirable organic pollutants in aqueous 
environments (Figure 2.2). 
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Figure 2.2: Structural formula of DAB PPI generation 3 dendrimer with 16 amino 
groups 
PPI dendrimers are prepared by using the divergent method, that is the monomer 
(propyleneimine) is added stepwise from the core (diaminobutane) (Scheme 2.1). 
The addition of these monomers leads to the doubling of the end groups in the 
peripheral region, thus leading to the term ‘generations’.7 
H2N
NH2 CN4
N
N
NC
NC
CN
CN
Raney/Co, H2
N
N
H2N
H2N
NH2
NH2
PPI-generation 1
reduction
 
Scheme 2.1: Synthetic scheme for the preparation of poly(propyleneimine) 
dendrimer by divergent strategy 
The doubling of the amino substituents on the surface of the dendrimer leads to 
steric hindrance, consequently the reaction will cease at a certain generation. 
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Thus, PPI is commercially available up to generation 5, where generation 1, 2, 3, 
4, and 5 corresponds to 4, 8, 16, 32 and 64 terminal amino groups, respectively 
(Table 2.1).8 
Table 2.1: Physical properties of PPI dendrimer (G1-G5)8 
Generation 
(G) 
Number of 
surface 
groups 
Number of 
tertiary 
amines 
Molecular 
weight 
Diameter 
(nm) 
1 4 2 316.6 1.4 
2 8 6 773.3 1.9 
3 16 14 1 686.86 2.4 
4 32 30 3 513.5 2.8 
5 64 62 7 168.1 - 
(-) data for higher generation PPI dendrimers is not available 
2.2 Properties of dendrimers 
2.2.1 Physicochemical properties 
According to Woo-Dong et al.2 dendrimers, in general, exhibit unique physical and 
chemical properties such as a three-dimensional uniform architecture, as well as 
unique size and shape. The shape of the dendrimer is responsible for the proper 
placement of functionalities on the periphery of the dendrimer and in the interior 
cavities. Normally, the size of the dendrimer increases systematically as does the 
generation number. As the generation number of the dendrimer increases, the 
peripheral region becomes highly packed with surface functionalities. This results 
in mono-dispersed dendrimers with highly uniform and well-defined functionalities. 
In addition, an increase in generation number creates a substantial amount of free 
interior voids that can accommodate a variety of guest molecules. In many 
applications such as therapeutics the size of the dendrimer is important since 
different dendrimer molecular sizes have different responses. 
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2.2.2 Biological properties 
Dendrimers used for biological applications have to meet specific biological 
requirements such as biocompatibility and low toxicity.10 In general, dendrimers 
have appropriate biodistribution or circulation time in blood. For example, PAMAM 
biodistribution has been considered a challenge since it was shown that only 1% 
of injected PAMAM could be found in the bloodstream after one hour of injection 
due to the accumulation of the dendrimers in the liver.9 However, numerous 
studies have been carried out to improve this drawback by synthesising 
PEGylated PAMAM dendrimers which had longer circulation times in the 
bloodstream.9 
Dendrimers have been attached to polyethylene glycol (PEG), tethers and folic 
acid to enhance penetration into cells, thus improving permeability. This high 
penetration through the cell membranes leads to increased levels of drug cellular 
uptake. Dendrimers should demonstrate low cytotoxicity for them to be used in 
medical applications. Normally, the charge of the dendrimer terminal groups must 
either be neutral or negative in order to avoid toxicity. 
2.3 Dendrimer systems 
2.3.1 Metallodendrimers 
Metallodendrimers are dendrimers which have been functionalised with metals 
such as Pt, Ag, Fe, Cu and Ni and the resulting metallodendrimers have mainly 
been used in catalysis (Figure 2.3). The metals are introduced in the dendritic 
network after dendrimer syntheses and can be placed either at the core, branching 
units or the periphery.10  
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Figure 2.3: The structure of a metallodendrimer: Generation 1 salicylaldimine 
nickel complex.10 
Vassilev et al. (2009)6 prepared catalysts of PPI dendrimer generation 2 and 4 
where these were complexed with molybdenyl and vanadyl cations for the use in 
the oxidation of alkenes. The molybdenyl complexes were found to be effective as 
catalysts with efficiencies that ranged from 40% to 90% for D8 (generation 4) and 
from 24% to 70% for D32 (generation 5). Dendritic nickel catalysts based on PPI 
dendrimers were found to be effective in ethylene oligomerisation. Typically, 
generation 1 PPI nickel complexes formed short-chain oligomers whereas 
generation 2 formed higher molecular weight products.10 
2.3.2 Glycodendrimers 
Glycodendrimers have great potential as drug delivery systems.3 Glycodendrimers 
are dendrimers which have carbohydrates in their architecture and these 
carbohydrates can be centred in the core, located in the interior branches or 
attached to the peripheral region of the dendrimer (Figure 2.4).3 Wang et al.11 
introduced various generations of the PAMAM dendrimers into the inner walls of 
silica and an enzyme (glucose oxidase) to produce a glycodendrimer. This 
glycodendrimer was utilised in the conversion of β-D glucose to gluconic acid and 
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the attachment of the dendrimer in this system was found to improve the 
conversion of glucose to gluconic acid.11 The high density of the amino groups 
provided by the dendrimer led to high glucose oxidase attachment.11 
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Figure 2.4: Structure of oligosaccharide dendrimer based on PPI core.5 
Dendrimers conjugated with carbohydrates have recently been shown to act as 
antibacterial agents by inhibiting the binding of Vibrio cholera and Escherichia coli 
on the surface of eukaryotic cells.5 The bacteria surface cells have proteins that 
covalently link to the eukaryotic cell glycolipids or glycoproteins. By blocking this 
linkage, cellular uptake of bacteria can be prevented. Mintzer and co-workers 5 
synthesised dendrimers with carbohydrates on their periphery. Due to the high 
number of carbohydrate functionalities at the periphery, the dendrimers functioned 
as a barrier between the interaction of the bacterium and the host cell. The 
glycodendrimers interacted with the bacterium hence preventing microbial activity 
as shown in Figure 2.5. 
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Figure 2.5: (A): Glycodendrimer with surface sugar groups and the bacterium and 
bacterial toxin with the sugar receptors; and (B): the binding of 
bacterium and toxin to the glycodendrimer.5  
2.3.3 Carbon nanotube-based dendrimers 
Dendrimers have been used as surfactants, de-bundling additives and stabilisers 
for carbon nanotubes.12 In a study conducted by Che et al.12  the PAMAM 
dendrimer was grown on single-walled carbon nanotubes (SWCNTs) to improve 
their dispersion and tensile strength. The dispersion properties of the epoxy 
composite were greatly improved as compared to the pristine SWCNTs and were 
enhanced as the dendrimer generation number increased.12 SWCNTs have also 
been decorated with PAMAM dendrimers via divergent synthesis. In a similar 
study, Campidelli et al.13 attached tetraphenyl prophyrins to PAMAM-SWCNTs via 
the peripheral amino groups (Figure 2.6). The PAMAM carbon nanotube 
composites were used in light harvesting for efficient electron transfer.13 
(B) (A) 
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Figure 2.6: Structure of generation 1 PAMAM-SWCNTs.12 
Shi et al.14 used multiwalled carbon nanotubes (MWNTs), which were 
functionalised with generation 5 PAMAM dendrimers. These composites were 
further covalently linked to fluorescein isothiocynate and folic acid and used for 
imaging and targeting ligands for cancer. The dendrimer-functionalised molecules 
were found to be biocompatible with KB cells (model cancer cells) at concentration 
levels of up to 100 µg·mℓ-1. In addition, the morphology of KB cells after exposure 
to the MWCNTs/PAMAM composites was found to be similar to the morphology of 
unexposed KB cells thus confirming biocompatibility.14 
2.3.4 Peptide dendrimers 
Peptide dendrimers have radial wedge-like branched macromolecules consisting 
of amino acids attached to the core, branching units and functional groups (Figure 
2.7).  Crespo et al.15 functionalised PPI dendrimer with natural amino acids such 
as alanine and leucine. These macromolecules are termed dendritic boxes and 
have the ability to encapsulate and release guest molecules.15 Furthermore, 
adamantyl urea and adamantyl thiourea modified PPI dendrimers were 
synthesised by Crespo and co-workers15 and used in the encapsulation of N-
terminal Boc-protected peptides. NMR spectral analysis revealed that this guest 
molecule formed hydrogen bonds and exhibits ionic interactions with the 
dendrimer.15  
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Figure 2.7: Structure of generation 2 poly (β-alanine) dendrimer15 
2.3.5 Alkylated and silylated dendritic polymers 
Ceramic filters functionalised with dendrimers and TiO2 were prepared by Arkas 
and co-workers.16 The ceramic filters were used in the absorption of organic 
pollutants from water. The introduction of dendrimers into the ceramic filters 
enhanced PAH absorption but a very small amount of the pesticides was 
absorbed. The drastic inefficiency of the dendrimer filters towards the absorption 
of pesticides was attributed to the small quantity of impregnated dendrimers which 
resulted in the saturation of the filter system. In order to increase the impregnation 
percentage, hyperbranched polymers was as a replacement of the dendrimers.16 
These polymers are less expensive than convectional dendrimers and are thus 
easy to commercialise. 
Allabashi et al.17 embedded silylated dendrimers on a TiO2 filter system. This filter 
system resulted in significant absorption of all other pollutants tested except the 
PAHs. This was attributed to the dense network system introduced by the siloxane 
group rendering the dendrimer structure less flexible. This hinders the absorption 
of bulky molecules such as PAHs. 
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Qu and co-workers18,19, functionalised ester and amino PAMAM dendrimers with 
silica gel and the composite was investigated for the adsorption of Pd(II) and Cu 
from ethanol fuel. The adsorption efficiency of ester-terminated silica 
functionalised PAMAM system increased with increasing generation for Pd(II) 
adsorption.18 While the amino-terminated silica functionalised dendrimers 
exhibited the same adsorption efficiencies, only up to generation 3 dendrimers 
could efficiently adsorb Pd (II).18 However, when the amino-terminated silica 
functionalised PAMAM was used in the adsorption of Cu2+, the adsorbent capacity 
decreased with an increase in generation number.19 
2.4 Cyclodextrin dendrimer conjugates 
Recent studies have shown that the combination of cyclodextrin and dendrimers 
improves the structure of either of the two entities due to the combination of two 
molecular cavities.20 Li et al.20 prepared polyamidoamine-cyclodextrin crosslinked 
polymer synthesised by copolymerisation reaction of tosyl-β-cyclodextrin with 
generation 2 PAMAM dendrimer. This polymer exhibited high absorption 
capacities of heavy metals such as Cu2+ and Pb2+ and organic pollutants (2,4-
dichlorophenol; 2,4,6-trichlorophenol and Ponceau 4R (C.I. 16255)).20 
Generally, there have been limited reports on the use of dendrimer cyclodextrin 
materials in water treatment and most research conducted on these composites 
has focused on medical applications such as drug and gene delivery. Huang and 
Kang21 synthesised β-cyclodextrin with PAMAM dendrimers (generation 2 and 4) 
via a substitution reaction from mono-6-iodo-β-cyclodextrin. The β-CD PAMAM 
conjugate was found to have improved properties as a drug carrier compared to 
the parent CD or dendrimer on their own. In this study, levofloxacin lactate (drug) 
was found to have better molecular interaction with the conjugate when the 
dendrimer generation and the β-CD content were increased. Zhang et al.22 
demonstrated that the gene delivery efficiency of β-CD-DAB-8 (generation 4) was 
100-fold greater compared to when DAB 8 dendrimer was used independently. 
Also, ɑ-cyclodextrin dendrimer conjugates have been successfully used in gene 
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delivery and were found to have superior activity compared to the dendrimer 
without the cyclodextrin moiety.23,24,25,26  
2.5 Dendrimer-encapsulated and dendrimer-stabilised nanoparticles 
Current research reports focused on dendrimers being used as hosts for the 
encapsulation of nanoparticles. The unique three-dimensional structures and the 
interior voids of the dendrimers provide a suitable template for the incorporation of 
metal nanoparticles.27 The driving forces for the encapsulation of nanoparticles 
within the dendrimers are electrostatic interactions, complexation reactions, steric 
confinement, and other types of weak forces such as Van der Waals forces and 
hydrogen bonding.28 
Dendrimers have specific advantages over other types of polymeric components 
as templates because their uniform structure enables them to produce well-
defined nanoparticles in terms of size and shape.27 The interior voids or cavities of 
the dendrimers act as stabilisers hence the nanoparticles remain intact preventing 
agglomeration.27 Compared to the stabilisation of nanoparticles by other polymers, 
the dendrimer nanoparticles are held together by steric effect and not the polymer 
structure. Therefore, the surfaces of the nanoparticles are exposed to catalytic 
activity. The peripheral region of the dendrimer can be tailored in order to control 
the solubility of the composite, and further use this region as a link to support 
systems or polymers.  
The attachment of nanoparticles to the dendrimer can occur via three main 
mechanisms: 27,28 
a) Intra-dendrimer encapsulation or dendrimer-encapsulated nanoparticles 
(DENs). This is the complexation of metal nanoparticles within the interior of 
the dendrimer and this approach depends on the peripheral groups of the 
dendrimer. For example, in dendrimers with hydroxyl peripheral groups, the 
metals are exclusively trapped within the cavities. This is because the metal 
ions do not attach to the hydroxyl group, and therefore are driven into the 
dendrimer cavities. 
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PAMAM-NH2 dendrimers can be used in the preparation of intra-dendrimer 
nanoparticles. However, the amino groups complex metal ions at the 
periphery resulting in the formation of nanoparticles surrounded by 
dendrimers. The primary amines of PAMAM-NH2 are basic in nature 
(pKa~9.5) as compared to the interior tertiary amines (pKa~5.5). This 
makes it possible to selectively protonate just the peripheral amine. This 
can be achieved by working in a restricted pH range of pH 2 to pH 5. In this 
pH range the primary amines are protonated and therefore do not react with 
the metal ion whilst the interior remains un-protonated enhancing the 
attachment of the metal ions into the interior tertiary amines of the 
dendrimer to produce DENs (Figure 2.8).28,29 
nanoparticle
Core
branching units
 
Figure 2.8: Dendrimer-encapsulated nanoparticles using PAMAM-OH template.27 
b)  According to Chung et al.27, dendrimer stabilised nanoparticles are formed 
when the metal ions attach to the peripheral amino groups of the 
dendrimers and this leads to the formation of nanoparticles surrounded by 
dendrimers. This scenario is possible with dendrimers that have -NH2 
peripheral amines and are formed at pH greater than 5 (pH > 5). Bao et 
al.30 prepared Au nanoparticles with a mean diameter of 2.7 nm ± 0.5 nm 
using G1.5 PAMAM-OH via co-complexation route. However, the diameter 
of the dendrimers was approximately 2.8 nm which is smaller than the 
diameter of the Au nanoparticles.30 Therefore most of the Au nanoparticles 
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were surrounded by the G1.5 PAMAM-OH dendrimer as shown in Figure 
2.9. 
nanoparticles
core
periphery branching units
 
Figure 2.9: Formation of dendrimer-stabilised nanoparticles.27 
c)  Mixture of both intra- and inter-dendrimer metal nanoparticles: In this type 
of mechanism both the intra- and inter-dendrimer nanoparticles are formed. 
Dendrimers typically template metal ions both on their periphery and the 
interior cavities of the dendrimer can be observed in Figure 2.10. This 
occurs if metal nanoparticles are prepared using amine and carboxylic acid 
terminated dendrimers. 
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Figure 2.10: Mixture of both dendrimer-encapsulated and stabilised nanoparticles 
2.5.1 Bimetallic nanoparticles 
Many studies mainly focus on monometallic nanoparticles, that is, nanoparticles 
consisting of one type of metal. Limited data are available in the literature focusing 
on bimetallic systems. Bimetallic nanoparticles are made up of two different metal 
ions and have recently attracted a lot of interest. This is because in bimetallisation 
there is mixing or alloying of two metals to give a product that has distinct 
properties from its monometallic components. For example, dendrimer templated 
Cu-Ag nanoclusters have been prepared.31 It is known that the standard electrode 
potential for Cu2+/Cu0 is very low, therefore copper nanoparticles tend to be 
unstable and oxidise easily.31 The addition of Ag to the Cu nanoclusters improved 
the stability of the Cu-Ag nanoparticles for over a period of 2 months.  
2.5.1.1 Preparation methods for bimetallic nanoparticles 
Bimetallic nanoparticles can be prepared using three different methods that is, co-
complexation, galvanic displacement and the sequential method.32 The co-
complexation route involves the complexation of metal ions within the dendrimer 
interior via the tertiary amine units of the dendrimer. Once the metal ions are 
complexed, NaBH4 is used to reduce the metal ion to the zero-valent metal (Figure 
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2.11). This method has been used in the preparation of a variety of bimetallic 
systems including PdPt29, NiSn33 and AgCu31. This procedure is favourable since it 
produces well-mixed or alloy-type nanoparticles. In this work, this method was 
used to prepare a dendrimer templated Fe-Ni nanoalloy as well as catalytic Fe-Ni 
membranes.34 
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Figure 2.11: Co-complexation route for the preparation of dendrimer-encapsulated 
bimetallic nanoalloy.28 
In the galvanic displacement procedure, DENs of Cu are first prepared and used 
as reducing agents. Normally OH terminated dendrimers are used in this 
procedure. Metal ions that are free from oxygen are then mixed with the Cu DENs. 
The Cu0, then acts as a reducing agent for ions of the second metal, for example, 
Pt2+ or Au3+ leading to bimetallic nanoparticles through an intra-dendrimer redox 
displacement process. This results in well-mixed or alloy-type nanoparticles. 
However, they normally have a wider size distribution than nanoparticles which are 
chemically reduced (Figure 2.12). 
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Figure 2.12: Galvanic displacement synthesis for the preparation of DEN.32 
Lastly, the sequential method involves the initial complexation of metal ions and 
subsequent reduction to form the monometallic core. The second metal is added 
and reduced in the core to produce either co-shell DENs or well-mixed DENs 
(Figure 2.13). Co-shell DEN is selectively prepared when a mild reducing agent 
such as ascorbic acid is used whilst well-mixed or alloy-type nanoparticles are 
formed when NaBH4 is used as a reducing agent. PdAu dendrimer-encapsulated 
bimetallic nanoparticles have been previously prepared using this method to form 
a Au core-Pd shell and Pd core-Au shell nanoparticles.35,36 
PPI dendrimer MA0DEN
MB
n+
NaBH4
MB
n+
mild reducing agent
MA
n+
NaBH4
Core shell DEN 
[MA
0](MB
0)
Well Mixed DEN 
(MA
0MB
0)
branching units
core
nanoparticle
bimetallic nanoparticle
bimetallic
nanoparticle
 
Figure 2.13: Sequential reduction synthesis for the preparation of DENs.32 
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2.5.1.2 Application of bimetallic dendrimer systems 
PdPt and PdRh bimetallic dendrimer-encapsulated nanoparticles were prepared 
by Peng et al.29 This system was used in the hydrogenation of 1-hexene. The 
hydrogenation reaction of the bimetallics had a higher catalytic activity (1 150 mol 
H2·(mol PdPt)
-1·h-1 when compared to the monometallic Pd (100 mol H2·(mol Pd)
-
1·h-1 or Pt (800 mol H2·(mol Pd)
-1·h-1 nanoparticles. This enhanced catalytic activity 
of the bimetallic nanoparticles could be due to a synergistic electronic effect.29 In 
another study, dendrimer-encapsulated monometallic Pt and Ru nanoparticles 
were prepared separately and their activity compared to bimetallic Pt/Ru 
nanoparticles. Selective hydrogenation of 3, 4-epoxy-1-butene was used to gauge 
the catalytic activity of these composites. The bimetallic system was found to have 
superior performance than the monometallic nanoparticles.37 Recently Liu et al.38 
also reported on the synthesis of dendrimer-stabilised Au/Ag alloy nanoparticles 
and these were reported to have potential in biomedical applications. It is clearly 
evident from these cited studies that bimetallic nanoparticles are limited to 
heterogeneous and homogeneous catalysis, and biomedical application, with no 
reports on its use in water-treatment processes. 
However, some monometallic dendrimer composites have been used in the 
degradation and reduction of organics from aqueous solutions. For example, 
Nakanishini and Imae39 demonstrated that the dendrimer protected TiO2 was more 
active as photocatalysts towards 2,4-dichlorophenoxyacetic acid than TiO2 without 
dendrimers. Furthermore, PAMAM and PPI dendrimers encapsulated Ag, Pt and 
Pd nanocomposites were used in the reduction of 4-nitrophenol.40 
To the best of our knowledge some of the cyclodextrin dendrimer-based 
nanomaterials discussed in this chapter have not been utilised in water treatment. 
For instance, it is envisaged that using the Ni-Fe dendrimer-capped nanoalloy 
could facilitate the dechlorination of chlorinated organic species in water.34 
Moreover the embedding of such composites into membrane filtration systems has 
been rarely reported. Although these composites show good catalytic activity due 
to their active surface area, poor mechanical strength and chemical stability 
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prevent their use in most applications. There is therefore a great need to do further 
research on these materials in order to broaden their application and this is one of 
the main objectives of the current study.  
2.6 Dendrimer support systems 
2.6.1 Dendrimer composite membranes  
Nanofiltration and reverse osmosis membranes have been modified with 
dendrimers to enhance membrane properties such as water-contact angle, flux 
and salt rejection.41,42 Sarkar et al.42 cast highly hydrophilic generation 2 
PEGylated PAMAM dendrimer onto a reverse osmosis (RO) membrane. The 
dendritic polymer coating resulted in a lower contact angle (18°) and high salt 
rejection (98%) thus providing effective antifouling (of organic and biological 
contaminants) and maintaining the desired separation properties of RO 
membranes.42 Lianchao et al.41 modified a novel nanofiltration membrane using 
PAMAM and trimesoyl chloride (TMC) by in situ interfacial polymerisation. 
Different membrane properties were achieved by changing either the generation 
numbers and/or concentration of PAMAM and/or TMC. For example, flux and 
rejection of NaCl for the modified membrane increased with increasing 
concentration of PAMAM or generation numbers of PAMAM. 
Kai and co-workers43 and Duan et al.44 also developed a dendrimer composite 
membrane by interfacial precipitation of PAMAM and chitosan on a commercially 
available polysulfone membrane. This composite was found to be highly efficient 
in CO2 separation when exposed to car exhaust gas even after 1 000 h. Similar to 
these studies, Shao et al.45 used PPI dendrimers as cross-linkers for the 
modification of polyimide membranes. The effectiveness of different generations of 
the PPI dendrimers was investigated on CO2 transport properties. The dendrimer 
crosslinked membranes showed superior gas separation performance.45 
  Chapter 2: Literature Review 
30 
2.6.2 Carbon nanotube dendrimer composites 
Carbon nanotubes (CNTs) are often used as supports due to their high surface 
area, high mechanical strength, chemical and mechanical stability. G4-PAMAM 
dendrimers have been used as templates for the preparation of Pd nanoparticles 
which were then covalently linked to MWNTs as a support.46 CNTs have excellent 
optimal electronic conductivity while dendrimers, being templates, have the 
advantage of producing uniform and narrow-sized nanoparticles. The combined 
properties of the dendrimer and CNTs enhanced the electro-catalytic behaviour of 
the Pd/PAMAM/MWNTs towards hydrazine.46 
2.6.3 Silica, titania, alumina and zirconium oxide supports 
Diaz et al.47 incorporated ferrocenyl dendrimers into a mesoporous silica support. 
Silica is known to be an excellent matrix and when modified it can be used in 
numerous applications such as catalysis and magnetic ceramics. The redox active 
hybrid material was found to have electrochemical properties which could be 
applied in redox catalysis and sensing.47 Active heterogeneous catalysts have also 
been prepared on supports such as sol-gel silica48,49, titania50,51, alumina51,52, and 
zirconium53, by first attaching the dendrimer-encapsulated nanoparticles and 
through thermal activation the dendrimer is removed. The dendrimers, in this 
instance, play a crucial role in transporting the metal nanoparticles onto the 
support. However, in some cases the dendrimer-encapsulated nanoparticle 
composite becomes fixed on the supports and is then used as an active catalyst.49 
2.6.4 Alumina, titania and silica based ceramic membranes 
Allabashi and co-workers17, reported the impregnation of silylated dendrimers onto 
ceramic membranes for water purification. These ceramic membranes were made 
from Al2O3, SiC and TiO2. The chemical inertia, mechanical strength, thermal 
stability and longevity of ceramic membranes render them suitable for treating 
polluted water. Moreover, their effectiveness and low cost have made it possible to 
also develop micro- and ultra-filtration systems. Yoo et al.54 synthesised and 
tested a dendrimer ceramic nanocomposite membrane for the removal of propane 
  Chapter 2: Literature Review 
31 
from nitrogen. The dendrimer was grown directly on the surface of the alumina 
membrane through stepwise synthesis. Liyanage et al.55 blended Nafion (Dupont’s 
polyperfluoroalkylsulfonic acid (PFSA) membrane) with sulphonated dendrimers. 
This composite membrane was used to improve conductivity at low humidity and 
high temperatures. The composite was found to have high proton conductivity 
(0.156 S·cm-1) compared to Nafion (0.086 S·cm-1). These composites were found 
to have some potential in improving polymer electrolyte membrane (PEM) fuel 
cells.55  
Although dendrimers are exquisite materials and can be applied in a variety of 
fields, their use in scale-up applications is limited due to cost factors. The 
escalated costs are associated with the tedious stepwise synthetic procedure 
resulting in an expensive product with limited large-scale industrial application. In 
the current study, dendrimers were used as a proof of concept. Some studies have 
reported that the low impregnation percentage of alkylated dendrimers onto filter 
systems leads to poor performance, hence the shift towards hyperbranched 
polymers which are less costly.17 Hyperbranched polymers are relatively easy to 
synthesise and their potential application on a large scale makes them more 
feasible for consideration as alternatives to dendrimers.56 
2.7 Hyperbranched polymers 
2.7.1 Brief overview 
Hyperbranched polymers, like dendrimers, belong to a class of materials called 
dendritic polymers and they represent another class of highly branched material 
with globular structures containing a large number of functionalities. Unlike 
dendrimers these structures exhibit polydispersity and irregularity with respect to 
branching and structure.56 The surface groups are also susceptible to 
functionalisation which leads to macromolecules with numerous applications. 
These materials have also been exploited in a similar manner as dendrimers in 
drug delivery, water treatment, as sensor materials and in solvent extraction. 
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Hyperbranched polymers have nanocavities which can harbour a variety of 
functional groups depending on structural characteristics of the repeating units.  
Hyperbranched polymers are prepared by a one-step procedure, predominantly 
the poly-condensation of an ABX monomer.
57 This procedure leads to uncontrolled 
statistical growth resulting in imperfect structures which are poly-dispersed (Figure 
2.14).56 
 
Figure 2.14: Structure of a hyperbranched polymer 
2.7.2 Properties of hyperbranched polymers 
Due to their highly branched nature, hyperbranched polymers are highly 
amorphous and upon heating, the polymers convert from a glassy state to a liquid 
state at their glass transition temperature (Tg).
56 Further, due to their globular 
structure they have poor mechanical strength hence their use as thermoplastics is 
limited. The hyperbranched polymer structure also limits chain orientation and 
extension which is vital in strain hardening.56 
  Chapter 2: Literature Review 
33 
2.7.3 Hyperbranched polymer systems 
2.7.4 Alkylated hyperbranched polymers 
Arkas et al.58 synthesised water-insoluble alkylated hyperbranched polymers from 
polyethyleneimine (PEI5), polyglycerol (PG5) and polyesteramides and used them 
for the removal of organic pollutants from water. These different types of polymers 
were used due to their structural diversity which affects the nanocavities 
microenvironment and also determines encapsulation efficiency and loading 
capacity. The authors observed that polyaromatic hydrocarbons had greater 
affinity for PEI15 due to the presence of tertiary amines which binds with the 
organic species via a charge-transfer process.58 The polymers (PEI 15 and 
polyglycerol) with more flexible branches and low Tg (< 25°C) exhibited faster PAH 
absorption than the more rigid polymers.58 This flexibility favours the formation of 
adaptable cavities that can be tuned according to the size and shape of the 
pollutants. 
2.7.5 Hyperbranched polyether OH functionalised polymer 
Corcione et al.59 used hyperbranched polyesters with different functional groups as 
cross-linking agents in coatings and thermoset formulation by employing thermal 
and curing processes.59 Corcione et al.59 aimed at investigating the effect of the 
OH group terminated hyperbranched polymers on the kinetics of 
photopolymerisation of epoxy resin-based systems. The epoxy-rein-based 
systems that contained between 10% and 20% weight of the hyperbranched 
polyether enhanced the polymerisation of the epoxy resin.59 
2.7.6 Cyclodextrin hyperbranched polymers 
Tian et al.60 synthesised a supramolecular amphiphilic hyperbranched polymer 
containing hyperbranched β-cyclodextrin (β-CD) as the core. This material 
consisted of two molecular cavities, that is, from the β-CD and the hyperbranched 
network system for application in double guest or multiple guest drug delivery 
systems. To make the system water soluble it was further polymerised with poly 
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(N,N-dimethylaminoethyl methacrylate) (PDMA) on the peripheries of the 
hyperbranched polymer.60 This dual system was used in the double-guest 
encapsulation of levofloxacin lactate and phenolphthalein in the β-cyclodextrin 
moiety and hyperbranched cavities, respectively. These drugs in this system were 
found to have different release times, highly dependent on the core layer and the 
PDMA chain lengths.60 
Pun et al. 61 synthesised β-CD PEI by reacting hyperbranched PEI and tosyl-β-CD. 
The authors combined the encapsulation properties of β-CD and the low toxicity, 
high solubility and the desirable features of the gene transfection of the PEI 
polymers.61 The β-CD PEI polymers were found to deliver plasmids for culturing 
cells with higher efficiency than the parent PEI. β-CD PEI polymers showed 70% 
greater delivery efficiency than the parent hyperbranched PEI which only gave 
30% efficiency.61 
2.7.7 Amphiphilic hyperbranched polyglycerols 
Polyglycerols containing a hydrophilic core and a hydrophobic shell were prepared 
by attaching palmitoyl (fatty acid) to the periphery of the hyperbranched 
polyglycerol. 62,63 This system was used in the encapsulation of water-soluble dyes 
such as Congo red, bromophenol blue and rose bengal. UV-Vis spectroscopy 
analysis revealed that these dyes were quantitatively extracted from the aqueous 
layer. It was demonstrated that the encapsulation behaviour of the hyperbranched 
polymer depends on the molecular weight of the hyperbranched core and the 
length of the alkyl chains attached to the polymer.63 
2.7.8  Hyperbranched polymer support systems 
2.7.8.1 Hyperbranched polymer nanofiltration membrane 
Wei et al.64 developed a novel nanofiltration membrane from hyperbranched 
polyester and TMC by in situ interfacial polymerisation using a polysulfone 
membrane as a support. The resulting membranes had enhanced water 
permeability and maintained high NaSO4 salt rejection of 85% as compared to 
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27% for NaCl . Chiang and co-workers65 synthesised two different types of 
hyperbranched polyethyleneimine (PEI) nanofiltration membrane by reacting PEI 
with TMC and terephthaloyl chloride (TPC).65 The modified membranes (PEI/TMC 
and PEI/TPC) had a high salt rejection and permeate flux and this was derived 
from the special characteristics of the hyperbranched PEI structure.  
2.7.8.2 Alumina-, silica- and titania-based ceramic supports 
Alkylated hyperbranched PEI polymers that have been embedded in alumina 
ceramic supports with different porosities, pore sizes and surface areas were 
investigated for the removal of certain polycyclic aromatic compounds.66 It was 
observed that filters with high PEI polymer loading had low adsorption 
performance towards phenanthrene. In addition, low impregnation (0.25%) 
resulted in improved adsorption since the pores of the supports were not blocked 
by the adsorbent.66 However, optimum adsorption efficiencies were observed with 
polymer loadings of 1% to 5%. In a different study, the same researchers 
impregnated silylated hyperbranched PEI and polyglycerol to Al2O3, TiO2 and SiC 
ceramic filter membranes.16,17 In this investigation, it was found that TiO2 
membranes impregnated with PEI were effective in the adsorption of all the 
pollutants investigated except methyl tert-butyl ether (MTBE).16 Al2O3 filters had 
superior performance for the removal of anthracene (69%), fluoranthene (79%) 
while PAH had the lowest adsorption of 20% to 30%. 
2.7.8.3 Clay nanocomposites 
Polyester hyperbranched polymers (HBPs) were also blended with montmorillonite 
(MMT) layered alumino-silicate clays to produce HBPs/MMT composites. It was 
envisaged that these composites would have excellent processing characteristics 
and shrinkage control and thus could be used in thermoset formulations.67 After 
combining the clay with the HBPs, exfoliated and intercalated nanocomposites 
were produced. These nanocomposites were further blended with polyurethanes 
which increased the rubbery plateau modulus by 60%, subsequently improving 
their mechanical properties. 
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In this thesis, PPI dendrimers and hyperbranched polyethyleneimine (PEI) were 
used as core molecules and attaching β-cyclodextrins on the –NH2 branching units 
thus forming multi-pendant arm star polymers.  
2.8 Cyclodextrins 
2.8.1 Structure and properties of cyclodextrins 
Cyclodextrins (CDs) are cyclic oligosaccharides with the most common being ɑ-, 
β-CD and γ-CD which are made up of 6, 7 and 8 glucose repeat units, 
respectively.68,69,70 These glucose units are joined together by ɑ-1,4-glycosidic 
linkages. Generally, the inner diameter for CDs ranges between 0.5 nm and 1 nm 
and the outer diameter ranges from 1.4 nm to 1.7 nm. In this research work and 
some of our past studies, we polymerised β-CDs with suitable linkers (Figure 
2.15(a). The β-CD exists in a three-dimensional structure which has a truncated 
cone shape. The inner cavity of this toroid shape is hydrophobic while the outer 
cavity is hydrophilic (Figure 2.15(b)).71  
 
Hydrophobic interior Primary face
Secondary face  
(a)                                                                (b) 
Figure 2.15: An illustration of (a) β-cyclodextrin; and (b) 3-dimensional toroid-
shaped cyclodextrin  
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Due to the presence of this cavity, cyclodextrins can accommodate different guest 
molecules to form inclusion compounds. During inclusion compound formation, no 
bonds are formed or broken as the process is driven by Van der Waals forces. The 
first process involves the displacement of the enthalpy rich water from the cavity 
by the guest molecules.71 Secondly, for inclusion complexation to occur there 
should be thermodynamic interaction between the CD, guest molecule and 
solvent.71 Lastly, there should be a net energetic force to drive the guest molecule 
into the CD cavity.71 
Another unique feature of CDs is the presence of hydroxyl groups on the 2 and 3 
positions and the primary hydroxyl group at position-6 (Figure 2.16); most 
chemical modifications take place at these hydroxyl groups.72 Of all the hydroxyl 
groups, the ones situated at position-6 are the most reactive since they are basic 
and nucleophilic in nature. The hydroxyl groups at position-2 are acidic while those 
at position-3 are inaccessible.72 Therefore, these hydroxyl groups can be used to 
alter the physical and chemical properties of the CD making them suitable for 
specific applications via the formation of CD derivatives. 
 
Figure 2.16: An illustration of the primary and secondary hydroxyl groups 
2.8.2 Modification of cyclodextrin 
Mono-, di-, tri-, and per-modifications of cyclodextrins at the hydroxyl groups by 
displacing one, two, three or all hydroxyl groups, respectively, at their respective 
sites of the cyclodextrin moiety have been previously investigated. In this study, 
mono-functionalised cyclodextrin derivatives using N,N-carbonyldiimidazole was 
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synthesised as reported by Zhang et al.22 and Ho et al.73 N-N-carbonyldiimidazole 
is a highly reactive carboxylating agent that contains two acyl imidazole leaving 
groups which can be reacted  with β-CD to form  a mono-substituted cyclodextrin 
derivative.73  
2.8.3 Application of cyclodextrins in water treatment 
Previous work has reported on a variety of CD nanoporous polymers which have 
been successfully used in the removal of organics, heavy metals and micro-
organisms in water. Since CDs are soluble in water, they were initially polymerised 
with either hexamethylene diisocyanate (HMDI) or toluene diisocyanate (TDI) 
linker to form water-insoluble polyurethanes for the removal of a variety of 
contaminating species from water.74,75,76 
Specifically the insoluble cyclodextrin polymers were used in the removal of 
natural organic matter (volatile components), dissolved organic carbon (DOC) and 
total organic carbon (TOC) from a specific power station. The polymers were very 
effective in the removal of DOC (up to 84%) and very low in TOC removal.75,77 CD 
polymers also demonstrated excellent adsorption capacity in removing odour-
causing compounds such as geosmin and 2-methylisorboneol from both synthetic 
solution ( >99%)76 and from actual samples collected from Zuikerbosch Water 
Treatment Plant (Rand Water) (88% to 95%).74 Mhlongo et al. (2009)78 also used 
water-insoluble cyclodextrin polymers in the removal of nitrosamines (N-
nitrosodimethylamine). The potential amines and quantitative removal of N-
nitrosodimethylamine from the Sedibeng, Rand Water and Magaliesberg Water 
Treatment Plant was achieved.78 
NOM was also isolated in different fractions and the fractions sampled after 
ozonation at the Vaalkop Water Treatment Plant were treated with CD polymers. 
This resulted in a removal efficiency of 59% which was double that of the non-
treated sample.79 Trihalomethanes which are disinfection by-products were also 
effectively removed from water samples collected at Midvaal Water Treatment 
Plant and Sedibeng Water Treatment Plant.80 
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β-CDs were also functionalised with MWCNTs to form β-CD/MWCNTs/HMDI and 
used in the removal of trichloroethylene (TCE) from water.81 The β-CDMWCNT 
polymers were later modified with the inclusion of NiFe82, Ag83 and Cu83 to form 
CNTs (Ni/Fe)/CD, Ag MWCNT/CD, Cu MWCNT/CD HMDI polymers respectively. 
CNTs (Ni/Fe)/CD were found to be very effective in removing TCE through 
dechlorination of TCE.82 Ag MWCNT/CD and Cu MWCNT/CD polymers 
inactivated bacteria (to about 3 logs) and simultaneously absorbed para-
nitrophenol up to 55%. Water-insoluble CD ionic liquid polymers synthesised in our 
laboratories showed capacity to simultaneously remove both organic (para-
nitrophenol and 2,4,6- trichlorophenol) and inorganic pollutants (Cr6+) from water.84  
It is therefore evident from literature that the use β-CD based 
dendrimer/hyperbranched systems have been seldom used in water treatment. 
Thus the following chapters will first concentrate on the synthesise and 
characterisation of these materials. The subsequent chapters will mainly dwell on 
the application of β-cyclodextrin-dendrimer/hyperbranched membranes for water 
treatment. 
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CHAPTER 3:  
 SYNTHESIS AND CHARACTERISATION OF β-CYCLODEXTRIN 
POLY(PROPYLENEIMINE) DENDRIMER STAR POLYURETHANE 
*
 
 
3.1 Introduction 
Cyclodextrin polymers have been previously applied in the removal of a variety of 
organic pollutants from water. Specifically, these polymers have been used in the 
removal of organic matter for ultra-pure water in power generation and were also 
found to be highly effective in the removal of geosmin and 2-methylisoborneol .1,2 
However, when the polymers were used in the removal of humic acid (used as a 
model for natural organic matter in water), a very low level of removal was 
achieved (23%).3 This was attributed to the fact that the humic acid molecule is 
much larger than the cyclodextrin cavity and hence cannot be accommodated as a 
guest within the cyclodextrin. The low removal efficiency is likely to result from 
partial encapsulation of large guests within the cavity. In order to devise an 
effective system for the removal of large molecules such as humic acids and other 
organic pollutants, it was necessary to introduce another component into the 
polymer system. Thus dendrimers was added as a flexible component that was 
functionalised with cyclodextrins. 
Poly(propyleneimine) (PPI) dendrimers are macromolecules with three-
dimensional structures which consist of an interior diaminobutane core, interior 
branching units (propyleneimine) and peripheral functional groups (NH2 groups in 
the un-functionalised polymer).4 During dendrimer synthesis, the monomers are 
added from the core in a stepwise manner. This results in regular branching units 
that are organised in layers which are termed as generations.4 PPI dendrimers are 
also known as DAB-Am-x dendrimers, where DAB stands for the diaminobutane 
                                                   
* Part of this work was submitted to the J. Membr.Sci. 
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core, and x = 4, 8, 16, 32 or 64 for the number of primary amine end-groups 
associated with the generations 1, 2, 3, 4 or 5, respectively.  
In this study, the interest in dendrimers was driven by the fact that they contain 
nanocavities; therefore they offer a high loading capacity for entrapment of organic 
pollutants. Also, the terminal amine groups could be easily grafted with the 
cyclodextrin molecules rendering a material with dual ‘trapping’ ability. The 
attachment of chemical moieties to dendrimers at the peripheral region has been 
known to result in the formation of new molecules for the development of 
advanced materials and processes in water treatment.5 PPI dendrimers 
functionalised with long alkyl chains and impregnated into ceramics have been 
reported for the removal of polycyclic aromatic compounds, trihalomethanes, 
mono-aromatic hydrocarbons and pesticides from water.6,7 Diallo and co-workers4, 
have used dendrimer-enhanced filtration for the recovery of Cu (II) and perchlorate 
from aqueous solutions. The overall results suggested that generation 5 (G5) PPI 
dendrimers, provide good building blocks for the development of high capacity, 
selective and recyclable ligands for perchlorate and Cu (II) ions.4 
β-CD dendrimer complexes have been synthesised and these complexes have 
been used for gene delivery, gene transfer, gene expression and drug delivery.9-14 
Specifically, Suh et al.14 conducted a study where polyethyleneimine was attached 
to β-CD via reactions of mono-6(p-toluene sulfonyl) β-CD. These complexes were 
used as biomimetic catalysts in the deacetylation of esters. In addition, Chen et 
al.15 attached β-CD to poly (amido) amine (PAMAM) by Michael addition 
polymerisation and used this conjugate as a non-viral gene vector. The 
incorporation of β-CD led to an increase in the rigidity of the polyamidoamine and 
increasing its photoluminescence properties.15 Arima and Motoyama9 used 
PAMAM dendrimers to conjugate β-CD and this material was used as RNA 
carriers.  Zhang et al.16 prepared low-generation PPI dendrimers which were 
conjugated to β-CD for gene transfer delivery. Huang and Kang17 also conjugated 
PAMAM with β-CD and this complex was used in the interaction of levofloxacin 
lactate (a drug used in the inhibition of bacterial DNA replication). These materials 
have also been used as drug carriers, β-CD was mono-substituted with mannosyl-
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coated dendritic branches and this complex was shown to have a high binding 
capacity for concanavalin A lectin.18 
This work therefore reports on the novel synthesis and characterisation of novel β-
CD-PPI star polyurethane based on generation 2-, 3- and 4-PPI. β-CD was initially 
reacted with N-N-carbonyldiimidazole which is a highly reactive carboxylating 
agent and forms a reactive carbonyl imidazole on one of the primary hydroxyls of 
β-CD. The carbonyl groups were then easily replaced by NH2 groups of the 
dendrimer via nucleophilic substitution to form the β-CD functionalised PPI 
dendrimer conjugate. This dendrimer conjugate was then further reacted with 
hexamethylene diisocyanate (HMDI) to form star polyurethane which is insoluble 
in water. It is envisaged that such a polymer would have a high loading capacity 
that should enable it to remove organic pollutants such as humic acids and 2,4,6-
trichlorophenol from water due to the presence of both cyclodextrin and dendrimer 
moieties. 
3.2 Experimental procedure 
3.2.1 Materials 
β-CD, from Wacker Chemie, was donated by Industrial Urethane (Pty) Ltd. 
Generation 2 (G2), generation 3 (G3) and generation 4 (G4) poly(propyleneimine) 
dendrimers were purchased from SyMO-Chem B.V (Netherlands). N,N-
carbonyldiimidazole (CDI) was purchased from Sigma Aldrich (USA). The 
purification of the β-CD dendrimer conjugates was carried out using benzoylated 
dialysis tubing with molecular weight cut-off of 1 200 g·mol-1.  
3.2.2 Instrumentation 
3.2.2.1 Nuclear magnetic resonance (NMR) 
The 1H-, 13C-, NMR analyses were carried out using a Bruker 400 MHz NMR 
spectrophotometer. All chemical shifts (δ) are expressed in ppm relative to 
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residual solvent peak or TMS. The following terms are used to explain 
multiplicities: s = singlet, d = doublet, m = multiplet. 
3.2.2.2 Fourier transform infrared/attenuated total reflectance (FT-IR/ATR)  
β-CD-CIm and β-CD-PPI samples were analysed with a Perkin Elmer 100 FT-IR 
spectrophotometer. Powder samples were placed on the ATR and analysed in the 
range 650 cm-1 to 4 000 cm-1 averaging 32 scans and at a spectral resolution of 4 
cm-1. 
 
3.2.2.3 Mass spectrometry-electron spray ionisation (MS-ESI) 
The molecular masses of β-CD-PPI conjugates were analysed using Waters 
Synapt G2, MS-ESI instrument which was coupled with a capillary voltage of 3 kV 
and a cone voltage of 15V. The calibration was performed using sodium formate. 
3.2.2.4 Thermogravimetric analysis (TGA) 
The thermal properties and stability of poly(propyleneimine), β-CD-CIm and β-CD-
PPI were assessed using a Perkin Elmer TGA (400) analyser with a heating rate 
of 10°C·min-1 using a temperature range of 25°C to 800°C under a nitrogen 
atmosphere.  
3.2.3 Synthesis of precursor β-CD-CIm and β-CD-PPI 
The precursor β-cyclodextrin carbonyl imidazole (β-CD-CIm) was first synthesised 
using a procedure reported in the literature with a few modifications (Scheme 
3.1).16 β-CD (0.845 g, 0.74 mmol) and CDI (0.119 g, 0.77 mmol) were dissolved in 
dimethyl sulphoxide (6 mℓ) and this solution was stirred at room temperature for 1 
h. Thereafter the solution was placed in an ice bath and diethyl ether (20 mℓ) was 
added to obtain a white precipitate. The white precipitate was filtered and washed 
several times with acetone. The product was dried under vacuum for 24 h at room 
temperature and a white powder (0.646 g, 69% yield) was obtained after drying. 
The product was found to be soluble in both dimethyl sulphoxide and water but 
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insoluble in chloroform.  FT-IR/ATR spectra showed the following peaks: 3 286 
cm-1 (O-H), 2 929 cm-1 (C-C), 1 697 cm-1 (C=O), 1 013 cm-1, (C-O), 1 382 cm-1 (C-
N) and 1 635 cm-1 (C=C). 1HNMR (400 MHz, DMSO-d6) analysis showed: δ = 3.28 
to δ = 3.36 (m,-CH, cyclodextrin), δ = 3.53 to δ = 3.62 (m, -CH, cyclodextrin), δ = 
3.98 (b, OH, cyclodextrin), δ = 4.82 (d, -CH, cyclodextrin, J = 4.00 Hz), δ = 7.93 (s, 
imidazole), and δ = 7.67 (d, imidazole, J = 1.08 Hz). 13C NMR (400 MHz, DMSO-
d6,) analysis showed: δ = 162.5 (NHC=O, imidazole), δ = 134.3 (CH=CH-N=CH, 
imidazole), δ = 119.4 (CH=CH-N=CH, imidazole), δ = 102 (O-C-O, cyclodextrin), δ 
= 81.6 (C-O, cyclodextrin), δ = 72.1 (C-OH, cyclodextrin), δ = 73.1 (C-OH, 
cyclodextrin), δ = 60.0 (-CH2OH), δ = 30.98 (-CH2-), and δ = 36.7 (N-CH, 
imidazole). 
 
Scheme 3.1: Synthetic route for the preparation of β-CD-CIm  
A typical conjugation reaction of precursor β-CD-CIm and PPI dendrimer (G2, G3 
and G4) was carried out as follows: G2-PPI (0.104 g, 0.13 mmol) was dissolved in 
dimethyl sulphoxide (DMSO) (3 mℓ), and the β-CD-CIm (1.33 g, 1.03 mmol) and 
triethylamine (3 mℓ) were added to the dendrimer solution. This solution was 
stirred at room temperatures for 24 h and purified using dialysis against deionised 
water for 2 d. Lyophilisation of the solution for 2 d resulted in a white fluffy solid 
(302 mg, 23%). The product was found to be readily soluble in water and DMSO 
(Scheme 3.2). FT-IR/ATR spectra showed the following peaks: 3 286 cm-1 (O-H), 2 
929 cm-1 (C-C), and 1 697 cm-1 (NH-C=O). 1HNMR (400 MHz, D2O,) showed 
peaks at δ = 1.42(-CH2, dendrimer), δ = 1.61(-CH2, dendrimer), δ = 2.51-2.65 
(CH2N, dendrimer), δ= 2.80 (CH2NH, dendrimer), δ = 3.51 to δ = 3.59 (m,-CH), δ= 
3.80 to δ = 3.89 (m, -CH, cyclodextrin), δ= 4.99 (s, -CH, cyclodextrin), and δ = 7.85 
(s, -NH-C=O). 13C (DEPTH, 135: 100MHz) analysis showed: δ = 22.42, δ = 23.86, 
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δ = 25.57, δ = 36.67, δ = 50.15 (-CH2, dendrimer), δ = 58.73 (-CH2, cyclodextrin), 
and δ = 71.10, δ = 80.36, δ = 100.78 (-CH, cyclodextrin). ESI/MS for 
C440H592N14O336: [M]
5+ at m/z = 2268.8. 
 
Generation 3 poly(propyleneimine) (G3-PPI) (0.211 g, 0.125 mmol) was dissolved 
in dimethylsulphoxide (3 mℓ), and the β-CD-CIm (2.446 g, 1.9 mmol) and 
triethylamine (3 mℓ) were added to this dendrimer solution. This solution was 
stirred at room temperature for 24 h and purified using dialysis against deionised 
water for 2 d. Lyophilisation of the solution for 2 d resulted in a white fluffy solid 
(776 mg, 31.3%). The product was found to be readily soluble in water and 
dimethylsulphoxide. FT-IR/ATR spectra showed the following peaks: 3 286 cm-1 
(O-H), 2 929 cm-1 (C-C), and 1 697 cm-1(NH-C=O). 1HNMR (400 MHz, D2O) 
showed peaks at: δ= 1.62-1.7 (-CH2, dendrimer), δ = 2.50 to δ = 2.65 (CH2N, 
dendrimer), δ = 2.81 (CH2NH, dendrimer), δ= 3.49 to δ = 3.59 (m, -CH, 
cyclodextrin,), δ = 3.77-3.88 (m, -CH, cyclodextrin), δ= 5.00 (s, -CH2,cyclodextrin), 
and δ = 7.85 (s, NH-C=O). 13C (DEPT, 135: 100MHz) analysis gave: δ= 39.59, δ = 
39.68, δ = 40.3 (-CH2, dendrimer), δ = 59.80 (-CH2, cyclodextrin), and δ = 71.90, δ 
= 72.30, δ = 73.01, δ = 81.49, δ = 101.89 (-CH, cyclodextrin). ESI/MS for 
C1016H1072N30O816: [M+Na]
23+ at m/z = 1134.5. 
Generation 4 poly(propyleneimine) (G4-PPI) (0.205 g, 0.058 mmol) was dissolved 
in dimethylsulphoxide (3 mℓ). The β-CD-CIm (2.34 g, 1.81 mmol) and triethylamine 
(3 mℓ) were added to the dendrimer solution. This mixture was stirred for 24 h at 
room temperature and the product was purified using dialysis against deionised 
water for 2 d. Lyophilisation of the solution for 2 d resulted in a white fluffy solid 
(550 mg, 23.8%). The product was found to be readily soluble in water and DMSO. 
FT-IR/ATR spectra showed the following peaks: 3 286 cm-1 (O-H), 2 929 cm-1 (C-
C), and 1 697 cm-1 (NH-C=O). 1H NMR (400 MHz, DMSO - d6,) showed peaks at: 
δ= 1.57 to δ = 1.62(-CH2, dendrimer), δ = 2.33 (CH2N, dendrimer), δ = 2.50 
(CH2NH, dendrimer), δ = 3.28 to δ = 3.36 (m, -CH, cyclodextrin), δ= 3.54-3.66 (m, 
-CH, cyclodextrin), δ = 4.82 (s,-CH, cyclodextrin), and δ = 7.94 (NH-C=O). 13C 
(DEPT, 135: 100MHz) analysis gave: δ = 23.94, δ = 26.72, δ = 38.30, δ= 51.43 (-
CH2, dendrimer), δ = 59.86 (-CH2, cyclodextrin), and δ = 71.99, δ = 72.36, δ = 
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73.01, δ = 81.48, δ = 101.90 (-CH, cyclodextrin). ESI/MS for C2488H1552N62O2144, 
[M]39+ at m/z = 1701.8.  
 
Scheme 3.2: Typical synthetic route for the preparation of β-G2-CD-PPI conjugate 
(G3: 16 -NH2: 16 CD molecules, G4: 32 -NH2: 32 CD molecules)  
(Room 
temperature) 
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3.2.4 Synthesis of β-cyclodextrin-poly(propyleneimine) dendrimer star 
polyurethanes 
β-CD-G3-PPI conjugate (0.671 g, 0.033 mmol) was dissolved in dimethyl 
sulphoxide (10 mℓ) and to this solution  hexamethylene diisocyanate (230 µℓ, 0.241 
mmol) was added drop-wise. This solution was stirred for 24 h at 65°C as shown 
in Scheme 3.3. This gave an oily yellow compound which was precipitated as a 
solid with acetone (50 mℓ). This yellow solid was isolated by filtration and dried 
under vacuum overnight, β-CD-G3-PPI (yield: 0.603 g, 30%) and β-CD-G4-PPI 
(yield: 0.620 g, 36%) star polyurethane.13C NMR (solid state) spectra showed the 
following peaks: δ = 27 (-CH2, HMDI linker), δ = 30(-HN-CH2, HMDI linker), δ = 40 
(-NH-CH2, dendrimer), δ = 52 (-CH2, dendrimer), δ = 61 (-CH2, cyclodextrin), δ  = 
73 (-CH, cyclodextrin), δ = 102 (-C-O, cyclodextrin), δ = 160 (C=O, HMDI linker), 
and δ = 200 (C=O, cyclodextrin-dendrimer bond).  
  Chapter 3: β-CD PPI Star Polyurethane 
59 
 
Scheme 3.3: Synthetic route for the preparation of β-CD-G3-PPI star polyurethane 
beta-cyclodextrin-G3-
PPI star polyurethane 
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3.3 Results and discussion 
3.3.1 FT-IR/ATR and NMR analysis of β-CD PPI 
The FT-IR spectra of β-CD-CIm, β-CD-G2-PPI, β-CD-G3-PPI and β-CD-G4-PPI 
are shown in Figure 3.1. The incorporation of the imidazole on the β-CD backbone 
to form β-CD-CIm was confirmed by FT-IR spectroscopy. An intense band at 1 
635 cm-1 which is due to the C=C vibration from the imidazole ring was detected. 
Moreover, the carbonyl peak at 1 765 cm-1 (C=O) gave further confirmation that 
the carbonyl imidazole had been transferred to β-CD via substitution of some of 
the hydrogen groups.  
 
Figure 3.1: FT-IR spectrum showing comparison between β-CDCIm, β-CD-G2-
PPI, β-CD-G3-PPI and β-CD-G4-PPI conjugates 
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The β-CD dendrimer materials (β-CD-G2-PPI, β-CD-G3-PPI and β-CD-G4-PPI) 
show the appearance of a new peak at 1 697 cm-1 which is attributed to the amide 
peak of the newly formed amide bond.16 The disappearance of the sharp band at 1  
635 cm-1 gave further evidence that the imidazole ring had been displaced by NH2 
groups of the dendrimer. In addition, the C-N peak at 1 382 cm-1 due to the 
imidazole ring also disappears after the reaction with the PPI dendrimer. A small 
broad peak at 1 600 cm-1 in the spectrum of the conjugate can be assigned to the 
N-H bend from the PPI dendrimer indicating that the β-CD-CIm had been 
converted to β-CD-G2-PPI, β-CD-G3-PPI and β-CD-G4-PPI conjugates. 
The proton NMR spectrum of β-CD-CIm (Figure 3.2) showed the characteristic 
peaks of the imidazole group in the aromatic region. The peaks were identified as 
a singlet and a doublet at δ = 7.93 and δ = 7.67, respectively. The singlet peak 
appearing at δ = 4.82 is due to the hydroxyl proton at position 6 of the β-CD 
integrated for 6 protons. This showed that the imidazole was successfully 
functionalised at position 6 of the β-CD (Scheme 3.1). The 13CNMR (Figure 3.3) 
spectra showed the appearance of new downfield peaks associated with the 
imidazole ring at δ = 162.5, δ = 134.3 and at δ = 119. The downfield shift is 
associated with the high de-shielding effect of the highly electronegative nitrogen 
atoms on the imidazole ring.  
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Figure 3.2: 1HNMR spectra for β-CD-CIm in DMSO-d6 
 
 
 
Figure 3.3: 13C spectra for β-CD-CIm in DMSO-d6 
Chemical shift (ppm) 
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The 1HNMR studies revealed that the PPI dendrimer was successfully conjugated 
to the β-CD (Figures 3.4 – 3.6). The dendrimer methylene protons resonate at δ = 
1.7 to δ = 2.80 and a very weak signal of the amide proton (HNC=O) was 
observed downfield at δ = 7.85 (β-CD-G2-PPI), δ = 7.85 (β-CD-G3-PPI) and δ = 
7.94 (β-CD-G4-PPI) (Figure 3.4B, Figure 3.4B and Figure 3.6B ). The cyclodextrin 
part of the molecule appears as a set of well-resolved signals at δ = 3.28 to δ = 
5.0. These results are in agreement with those reported in the literature, where 
PPI was also complexed with β-CD.16  
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Figure 3.4: 1H NMR of β-CD-G2-PPI in D2O (A) and amide proton (B) 
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Figure 3.5: 1HNMR of β-CD-G3-PPI in D2O (A) and amide proton (B) 
 
(A) 
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Figure 3.6: 1HNMR of β-CD-G4-PPI in DMSOd6 (A) and proton amide (B) 
The 13C DEPT analysis of the β-CD-G2-PPI conjugate in DMSO is shown in Figure 
3.7. This spectrum shows well-resolved peaks that were assigned to the –CH 
groups (δ = 71, δ = 80, δ = 100) and a very sharp peak showing –CH2 groups (δ = 
58) associated with β-CD. The remaining –CH groups at δ = 22, δ = 23, δ = 25, δ 
= 36 and δ = 56 were assigned to the methylene groups of the PPI dendrimer. 
Similar results were noted for β-CD-G3-PPI and β-CD-G4-PPI conjugate, –CH 
groups (δ = 71.90, δ = 72.30, δ = 73.01, δ = 81.49 and δ = 101.89) and a very 
sharp peak showing –CH2 groups (δ = 59.8) associated with β-CD. The remaining 
–CH groups at δ = 39.51, δ = 39.68 and δ = 40.3 were assigned to the methylene 
groups of the PPI dendrimer. These dendrimer chemical shifts agree well with the 
13C NMR analysis of PPI methylene groups at δ = 26, δ = 27, δ = 32, δ = 41, δ = 
52 and δ = 56 reported in the literature.19 These results also suggested that the 
dendrimer and the β-CD had formed a conjugate.  
 
 
(B) 
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Figure 3.7: Carbon DEPT analysis of the β-CD-G2-PPI in DMSO d6 
The ESI mass spectra of the β-CD-PPI conjugates (Figure 3.8 (A) – (C)) were 
observed to be highly complex with several fragments being observed in the 
spectra. However in all cases tentative assignments of some of the peaks in the 
spectra are possible. For example in the case of the β-CD-G2-PPI conjugate a 
multiply charged ion assigned to the species [M]5+ (m/z = 2268.8) is observed 
while the spectra of the generation 3 and 4 conjugates showed adducts of the 
highly charged ions [M+ Na]23+ (m/z = 1134.5) and [M]39+ (m/z = 1701.8) 
respectively. 
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Figure 3.8: ESI-MS spectrum of β-CD-G2-PPI (A); β-CD-G3-PPI (B); and β-CD-
G4-PPI (C) 
The microanalyses (CHNO) of the conjugates are shown in Table 3.1. All results 
reported show the inclusion of water and DMSO molecules which are trapped 
within the dendritic and β-cyclodextrin cavities. Several attempts were made to dry 
the conjugates under vacuum with heat to remove excess water and DMSO to no 
avail. However, inclusion of water and DMSO molecules was not entirely 
unexpected since the conjugates are huge molecules and have molecular masses 
in the range of 11 000 g·mol-1 to 70 000 g·mol-1 and as the generation is increased 
more water molecules were entrapped. This is because at higher generation the 
dendrimer molecule is more spherical and has more cavities and in the case of 
these conjugates there are additional β-CD cavities as well which contributed to 
the higher level of water molecules entrapped. Dendrimers are known to entrap 
guest molecules in their cavities thus affecting elemental composition of the 
synthesised product.19 The presence of water molecules cannot be avoided and 
removed and was further confirmed by TGA as shown in the following section. 
 
 
BCDG4PPI
m/z
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MS_Direct_120723_9 22 (0.117) AM2 (Ar,10000.0,0.00,0.00); Cm (22:40) 1: TOF MS ES+ 
2.82e41701.8
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1686.01662.91654.5
1662.0 1677.4
1664.5
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1703.8
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1716.3
1722.2
1723.7
1731.2
1729.2
1728.2
1732.2
(C) 
  Chapter 3: β-CD PPI Star Polyurethane 
70 
Table 3.1: Microanalysis data of the β-cyclodextrin-PPI conjugates 
Conjugate % Calculated  % Found  
 C H N O C H N O 
β-CD-G2-PPI 41.57 6.90 2.11 49.43 41.63 6.83 2.51 49.03
a
 
β-CD-G3-PPI 41.28 7.11 2.74  48.86 41.70 6.67 3.08 48.55
b
 
β-CD-G4-PPI 41.94 7.11 2.73 48.22 41.69 6.64 3.21 48.46
c 
a
Inclusion of 60 moles of H2O and 3 moles of DMSO 
b
Inclusion of 142 moles of H2O and 16 moles of DMSO 
c
Inclusion of 218 moles of H2O and 25 moles of DMSO 
3.3.2 TGA analysis of the PPI, β-CD-CIm and β-CD-PPI  
The thermogravimetric analyses for the unmodified PPI dendrimer, β-CD-CIm and 
β-CD-G3-PPI were conducted at a heating rate of 10°C·min-1 in a nitrogen 
atmosphere (20 mℓ·min-1)). The PPI, β-CD-CIm, β-CD-G2-PPI, β-CD-G3-PPI and 
β-CD-G4-PPI each underwent water loss at approximately 100°C (Figure 3.9). The 
PPI dendrimer completely decomposed (weight loss approximately 90%) at 380°C, 
while the other material decomposed at much lower temperatures. Comparison of 
the onset temperature of decomposition of the precursors PPI (380°C) and β-CD-
CIm (300°C) to the conjugate β-CD-PPI (290°C) revealed a slight decrease in 
decomposition temperature. The lower stability of the conjugates compared to that 
of the pure poly(propyleneimine) dendrimer has been reported.21 Polyamidoamine-
cyclodextrin copolymer was found to decompose at 235°C and this might be due 
to the addition of cyclodextrin resulting in amorphous material.21 However, the 
decrease in stability of the β-CD-PPI conjugates is not significant when considered 
in terms of the proposed water-treatment application. These observations reveal 
that the conjugates can be used for relatively high-temperature applications. 
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Figure 3.9: TGA analysis for: PPI, β-CD-CIm, β-CD-G2-PPI, β-CD-G3-PPI and β-
CD-G4-PPI 
3.3.3 Synthesis of β-CD-G3-PPI and β-CD-G4-PPI star polyurethane 
β-CD-G3-PPI and β-CD-G4-PPI  were polymerised by HMDI, a bifunctional linker. 
Figure 3.10 shows the gradual disappearance of the isocyanate band (N-C=O) at 
2 269 cm-1 in the FT-IR spectra as the reaction proceeded confirming that 
polymerisation had occurred.  As observed in Figures 3.11 and 3.12, the β-CD-G3-
PPI and β-CD-G4-PPI conjugated before polymerisation exhibited a very broad 
peak at 3 300 cm-1 and after polymerisation a sharp peak was noted. This is due 
to the increase in the number of NH bonds from the isocyanate linker. A sharper 
band increase observed at 1 697 cm-1 (C=O) and 1 553 cm-1 (HN-(C=O)-O-) was 
attributed to the amide and urethane groups, respectively. New intense peaks at 1 
621 cm-1 and 1 249 cm-1 were also observed which were assigned to strong 
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secondary amides (N-H) and asymmetric vibration of C-(C=O)-C, respectively, 
which are part of the HMDI linker. These results indicated successful 
polymerisation of the β-CD-G3-PPI and β-CD-G4-PPI conjugate to form the 
polyurethane. 
 
 
Figure 3.10: FT-IR spectra showing the progress of the reaction for β-CD-G3-PPI 
star polyurethane at 10 min, 1 h and 24 h 
 
 
  Chapter 3: β-CD PPI Star Polyurethane 
73 
  
Figure 3.11: FT-IR spectra of β-CD-G3-PPI conjugate (before polymerisation) and 
β-CD-G3-PPI-HMDI star polyurethane (after polymerisation) 
 
Figure 3.12: FT-IR spectra of β-CD-G4-PPI conjugate (before polymerisation) and 
β-CD-G4-PPI-HMDI star polyurethane (after polymerisation) 
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The 13C solid state NMR (Figure 3.13) also showed carbons associated with the 
cyclodextrin, dendrimer and the HMDI linker. The chemical shifts at δ = 27 ppm 
and at δ = 30 ppm were assigned to the HMDI linker methylene carbons whilst for 
the dendrimer these carbons were detected at δ = 40 ppm and δ = 52 ppm. The 
methylene protons associated with the dendrimer are more deshielded, hence 
they will appear downfield as compared to the carbons of the HMDI linker. 
Similarly, the carbonyl carbon associated with the linker was detected at δ = 160 
ppm whilst the one attached to the dendrimer and β-CD appears at δ = 200 ppm 
(see Scheme 3.3) since it is more deshielded. The rest of the carbon signals 
between 72 ppm to 102 ppm are associated with the β-CD molecule. The 
appearance of all the carbons associated with the linker showed successful 
polymerisation of the β-CD PPI conjugate to a star polyurethane. 
Figure 3.13: Solid state CNMR for β-CD-G3-PPI-HMDI 
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3.4 Conclusion 
The dendrimer-cyclodextrin conjugate conjugates were successfully characterised 
with FT-IR, NMR, ESI-MS and EA. β-CD-G2-PPI and β-CD-G3-PPI were further 
polymerised with HMDI linker to form novel star polyurethane which is insoluble in 
water, thus having a potential application in water treatment. However, this 
polymer could not be used for bench-scale treatment applications due to the very 
low yields (~ 30%) encountered during synthesis. Low yields might have been due 
to loss of material during precipitation and filtration. 
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CHAPTER 4 
SYNTHESIS AND CHARACTERISATION OF GENERATION 2 AND 3 POLY 
(PROPYLENEIMINE) DENDRIMER-CAPPED NIFE NANOALLOY 
† 
 
4.1 Introduction 
Previous studies have been confined to the use of monometallic ions but recently, 
the use of bimetallic particles has attracted a lot of interest amongst scientists due 
to their application in catalysis, optoelectronics and information storage.1,2 This is 
because bimetallic nanoparticles have improved catalytic activity and also new 
types of catalysts are produced with distinct properties other than the 
monometallic systems.1,3 In a study conducted by Peng et al.1, CuPd alloy was 
found to increase oxygen reduction reaction activity. In this case, the Cu reduces 
the Pd-O binding energy and the Pd increases the Cu-O binding energy.1 
Recently, NiSn dendrimer-encapsulated nanoparticles have been synthesised and 
were found to have a potential application in energy storage.4 
Dendrimers are becoming more popular as nanomaterial stabilisers or capping 
agents. One of the reasons for this is because, in general, they have high loading 
capacity due to their nanocavities. In dendrimers, the nanoparticles can be formed 
either in the interior cavities of the dendrimer (dendrimer-encapsulated 
nanoparticles) or on the periphery of the dendrimers (dendrimer-stabilised 
nanoparticles). Normally the preparation of nanoparticles within the dendrimers 
involves two processes. Firstly, the coordination of the template to the metal 
nanoparticle followed by the reduction of metal ions into the neutral atoms.5,6 
Methods such as co-complexation, galvanic displacement and sequential 
reduction have been used in the preparation of dendrimer-encapsulated 
nanoparticles. In this study the co-complexation method is used and this involves 
                                                   
† This work has been published: Materials Letters 68 (2012): 324-326. 
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the complexation of the metal ions within the dendrimer interior amines. Once the 
dendrimer metal complexes are formed, for example, MA
n+ & MB
n+, this will then be 
reduced by using a reducing reagent to give MA
0 MB
0. This method has been used 
to prepare a variety of bimetallic nanoparticles or nanoalloy such as PtRu, PdPt 
and PdRh.1,7 This method was used since it is very simple and it results in well 
mixed or alloy type nanoparticles.8 
In this study, non-magnetic NiFe nanoalloy was prepared using the co-
complexation method and poly(propyleneimine) (PPI) dendrimer was used as the 
template. NiFe nanoalloy was selected due to its catalytic properties which are 
effective in dechlorination of organic pollutants such as 2,4,6-trichlorophenol and 
trichloroethylene. The dendrimer was used to control the particle size, to enhance 
dispersity and to prevent agglomeration. Dendrimer nanocomposites can be 
applied in the degradation of pollutants in water because their nanocavities 
provide sites where both the pollutant and the nanoparticles can interact, thus 
enhancing degradation efficiency. The use of a nanoalloy supported by a 
membrane for dechlorination has been reported.9,10 In these reports the sizes of 
the nanoalloy produced were greater than 20 nm. The incorporation of the 
dendrimer-capped NiFe nanoalloy into nanofiltration membrane for the removal of 
chlorinated organic compounds from water is envisaged.  
4.2 Experimental 
Generation 2 (G2) and generation 3 (G3) poly(propyleneimine) dendrimers with a 
diaminobutane core were purchased from SyMO-Chem B.V. in the Netherlands 
(http://www.symo-chem.nl/dendrimer.htm). The properties of the G2 and G3 PPI 
dendrimers are given in Table 4.1. Analytical grade Ni (II) nitrate hexahydrate (Ni 
(NO3)2·6H2O), ferric nitrate (Fe (NO3)3·9H2O) and sodium borohydride were used 
for the experiment. 
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Table 4.1:  Properties of PPI dendrimer used 
Dendrimer 
generation 
(G) 
Primary amine 
end groups 
Interior tertiary 
amines 
Molecular weight 
    2       8           6 773.3 
    3     16         14 1 686.8 
 
4.3 Instruments 
4.3.1 Photoluminescence analysis 
Photoluminescence studies were conducted using a Perkin Elmer LS45 
Fluorescence Spectrometer.  
4.3.2  High resolution transmission electron microscopy (HR-TEM) 
analysis 
Micrographs were obtained by a high resolution transmission electron microscopy 
JOEL JEM-2100 and this was coupled to energy dispersive spectrometry (EDS). 
The TEM grids were prepared by dropping several microlitres of the solution onto 
a copper grid. The grid was then air-dried.  
4.3.3  FT-IR analysis 
The analyses were carried out as stated in Chapter 3: Section 3.2. 
 
4.4 Synthesis of G2 and G3-NH2 NiFe nanoalloy 
Aqueous solutions (15 mM) of each dendrimer (G2 and G3) were prepared. The Ni 
and Fe precursor aqueous solutions (0.1 M) were prepared in deionised water 
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which was de-aerated with argon to prevent oxidation.  The dendrimer solutions 
were adjusted to pH 3 with 0.1M HCl prior to the addition of the metal precursors. 
Therefore for a typical experiment, G2 (5 mℓ), Fe (NO3)3·9H2O (120 µℓ) and Ni 
(NO3)2·6H2O (120 µℓ) were added to obtain the desired stoichoimetry. This 
solution was shaken overnight to provide efficient time for the encapsulation of the 
metal ions within the dendrimer. NaBH4 (1.0 M, 10 mℓ) was added drop-wise under 
vigorous stirring for 30 min and this reaction immediately gave black nanoparticles 
(also called nanoalloy) with a final pH of ca 9. The nanoalloy (G2-NH2NiFe) was 
centrifuged and analysed. The same procedure was followed for the preparation of 
G3-NH2NiFe nanoalloy but 240 µℓ of the metal ions were used. 
4.5 Results and discussion 
4.5.1 HRTEM analysis 
The HRTEM image (Figure 4.1 (A) and Figure 4.2 (A)) shows well-dispersed and 
uniform nanoalloy particles in terms of size and shape. The particle sizes for  
G2-NH2NiFe are in the range of 1nm to 4 nm with mean particle size 1.6 nm ± 0.62 
nm (Figure 4.1 (B)). Whilst for G3-NH2NiFe the particle sizes are in the range of 
1.0 nm to 1.8 nm and mean particle diameter of 1.2 nm ± 0.24 nm (Figure 4.2 (B)). 
Both G2 and G3 dendrimers gave uniform nanoalloy dispersion but the size 
ranges of G2-NH2 capped were broader. The G2-NH2NiFe and G3-NH2NiFe 
nanoalloy sizes are remarkably small and both fall into quantum-dot sizes. 
Furthermore, the nanoparticle size infers that intra-type dendrimer-encapsulated 
nanoparticles have been formed, since this falls in the range of 1 nm to 4 nm 
according to Kavitha and co-workers.11 Metal nanoparticles which are greater than 
5 nm are generated on the periphery of the dendrimer forming inter-dendrimer-
encapsulated or dendrimer-stabilised nanoparticles. To ensure that dendrimer-
encapsulated nanoparticles were formed in this study; the pH of the dendrimer 
was adjusted to pH 3. At this pH, the peripheral amines are protonated, hence 
driving the metal ions into the dendrimer interior for metal-ion complexation with 
interior amine groups of the dendrimer.1 The nature of the dendrimer has a 
profound effect on the size, size distribution, shape and stability of the NiFe alloy. 
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From the HRTEM of the uncapped NiFe, larger (average 60 nm), poorly distributed 
and agglomerated nanoalloy were observed (Figure 4.3). Agglomeration was 
reduced in the dendrimer-capped NiFe as observed from the similarities between 
the HRTEM after 3 weeks. The capped NiFe nanoalloy has a degree of stability 
even after exposure to air as compared to the uncapped nanoalloy. EDS was used 
to confirm that the nanoparticles produced were indeed an alloy of Ni and Fe in 
both G2-NH2NiFe (Figure 4.1(C)) and G3-NH2NiFe composites. Ni and Fe were 
detected at 7.5 KeV and 6.2 KeV, respectively, as demonstrated in similar 
studies.4,9 
                  
(A)                                                                                 (B) 
 
(C) 
 
Figure 4.1: HRTEM of G2-NH2NiFe (A); corresponding size distribution histogram 
(B); and EDS analysis (C) 
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                     (A)                                                                                     (B) 
 
 
(C) 
Figure 4.2: HRTEM of G3-NH2NiFe (A); corresponding size distribution histogram 
(B); and EDS analysis (C) 
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(A)                                                               (B)           
Figure 4.3: HRTEM of uncapped Fe/Ni nanoalloy  
 
4.5.2 Photoluminescence 
For the photoluminescence study (Figure 4.4), pristine G3-NH2 dendrimer, 
uncapped NiFe and G3-NH2NiFe were excited at λ400nm. The emission bands for 
the G3-NH2 dendrimer and uncapped NiFe were observed at 459 nm and 531 nm, 
respectively, suggesting that both substances exhibit photoluminescence 
properties.  The G3-NH2NiFe was also detected at 531 nm showing that the 
capped nanoalloy also exhibits photoluminescence. The overlapping emission 
band of 531 nm for both NiFe and G3-NH2NiFe depicts the coordination between 
the two molecules making them behave as an entity. In this case, the 
photoluminescence property of the nanoalloy dominates. The FT-IR (discussed 
later) confirms that the dendrimer was indeed present in the G3-NH2NiFe.  
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Figure 4.4: Photoluminescence spectra (at excitation = λ400 nm) of NiFe;G3-NH2; 
and G3-NH2NiFe  
4.5.3 FT-IR analysis 
To confirm that the NiFe nanoalloy was capped with the dendrimer, FT-IR analysis 
of G3-NH2NiFe was conducted (Figure 4.5). The strong band at 3 266 cm
-1 was 
attributed to O-H which shows the presence of moisture. This broad O-H peak 
overlaps with the N-H stretching vibrations at 3 359 cm-1and 3 285 cm-1. The C-H 
symmetric (2 927 cm-1) and asymmetric (2 857 cm-1) bands for G3-NH2 
corresponded well with the signals in the dendrimer-capped nanoalloy. This trend 
was also observed by studies conducted by Leonard et al. (2010) where FT-IR 
was used to investigate the capping of gold nanoparticles with dihydroxy fatty acid-
based dendron.12 The band at 1 631 cm-1 was ascribed to the N-H band whilst the 
C-N bands showing very weak signals appeared in the region of 1 160 cm-1 to 1 
477 cm-1. 
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Figure 4.5: FT-IR spectra showing the comparison between G3-NH2 and G3-
NH2NiFe.  
4.6 Conclusion 
The use of dendrimers in the preparation of well-dispersed, quantum-dot-sized 
NiFe nanoalloy has been demonstrated. The dendrimer nanocomposite can be 
attached to other functionalised surfaces owing to the rich chemistry of the 
dendrimer. The nanoalloy showed photoluminescence properties which could be 
exploited for industrial imaging, clinical diagnostics and drug development. It is 
also envisaged that the dendrimer capped NiFe nanoalloy could be used in water 
treatment for the dechlorination of organic pollutants since the nanoalloy has 
catalytic properties. 
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CHAPTER 5:  
 CYCLODEXTRIN-DENDRIMER FUNCTIONALISED 
POLYSULFONE MEMBRANE FOR THE REMOVAL OF HUMIC 
ACID IN WATER 
 ‡ 
 
5.1 Introduction 
NOM is known to react with chlorine to produce disinfection by-products (DBPs) 
such as trihalomethanes which are generally toxic and exhibit mutagenic and 
carcinogenic properties.1,2,3 Thus the removal of NOM from water systems is 
important due to the stringent regulations regarding DBPs and their impact on 
human health. NOM is made up of mainly humic substances, which can further be 
subdivided into two categories, namely humic acid and fulvic acid.4 Humic acid 
generally makes up a larger fraction (approximately 60%) of the humic substances 
in NOM and it was therefore used in this study as a model compound for NOM.2 
Poly(propyleneimine) and β-cyclodextrin were proposed in this study as 
absorbents for the removal of humic acid from water. This is because these two 
components [poly(propyleneimine) dendrimer and β-cyclodextrin] contain 
nanocavities which can encapsulate organics thus removing them from water.5 
Poly(propyleneimine) dendrimers are macromolecules with highly branched three-
dimensional structures. They consist of a diaminobutane core, interior branching 
units (propyleneimine) and peripheral functional groups (NH2 groups in the un-
functionalised polymer).6 The peripheral functional amine groups can be easily 
grafted with the cyclodextrin (CD) moiety rendering a material with dual ‘trapping’ 
ability as illustrated in Figure 5.1(A). 
                                                   
‡ Submitted to the J. Membr. Sci. 
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Figure 5. 1: β-CD-G2-PPI (A) reaction with trimesoyl chloride to produce highly 
crosslinked β-CD-G2-PPI structure (B)  
β-CD is a non-toxic stable cyclic oligossacharide that has a hydrophobic cavity 
which can form inclusion complexes with a variety of solids, liquids and gaseous 
compounds. β-CDs have been polymerised using hexamethylendiisocyanate and 
toluenediisocyanate to form polymers which have been successfully used in the 
removal of organic pollutants from water.7-9 However, the cyclodextrin polymer 
resulted in low removal efficiency (23%) when used in the treatment of humic 
(A) 
(B) 
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acid.10 This was attributed to the large size of the humic acid molecule as 
compared to the cyclodextrin cavity (0.62 nm) and hence the humic acid (1.7-3.5 
nm) could not be accommodated as a guest within the cyclodextrin moiety.10,11  In 
addressing this drawback, cyclodextrins were attached on the periphery of the poly 
(propyleneimine) dendrimers to form a conjugate system in which a 
poly(propyleneimine) core is grafted with cyclodextrin units. Similar systems have 
been synthesised before and used in applications such as drug and gene 
delivery.12,13 However, to the best of our knowledge, no studies of membranes 
coated with cyclodextrin-poly(propyleneimine) dendrimers have been reported in 
water treatment, especially in the removal of organic pollutants such as humic 
acid. 
Membrane technology is well established in water treatment and the demand for 
membranes increases yearly by almost 8%.1 This technology has been found to 
be beneficial in the water-treatment industry due to ease of operation.14 Some 
studies have been carried out where either the dendrimers or β-CDs have been 
used in the fabrication of membranes. Sarkar et al.15 reported on a crosslinking 
reaction between a polyamidoamine dendrimer and polyethylene glycol which was 
prepared by a simple solution casting technique and used to modify a reverse 
osmosis (RO) membrane. The resulting RO membranes had lower contact angles 
(19° to 21°), a high percentage of salt rejection (≈ 99%) and reduced flux (0.009 
mℓ·cm-2·min-1) as compared to the uncoated membranes.15  β-CD 
polyurethane/PSf nanofiltration membranes have also been prepared using a 
modified phase-inversion method.16 β-CD polyurethane was loaded at 
concentrations of 0% to 10%. This membrane was found to be hydrophilic, with 
high permeability and reported cadmium rejection of up to 70%.16 Recently, Choi 
et al.17 prepared a hollow-fibre membrane with amphiphilic β-CD for the removal 
di-(2-ethylhexyl) phthalate which is an endocrine-disrupting compound. The pure 
water flux and di-(2-ethylhexyl) phthalate removal efficiency (up to 70%) increased 
considerably with the amount of β-CD loaded.17 All these reports point to the 
beneficial effects of incorporating dendrimers and cyclodextrins in a composite 
membrane. 
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Various methods such as surface adsorption, coating, hydrophilisation treatment, 
radical grafting, chemical coupling, plasma polymerisation, initiated chemical 
vapour and interfacial polymerisation have been used in the surface modification 
of commercially available membranes.18 In this study interfacial polymerisation 
was used to form a thin-film composite on the surface of a commercial polysulfone 
membrane. Recently a novel polyester nanofiltration membrane was synthesised 
by the interfacial polymerisation of triethanolamine and trimethyl chloride on a 
polysulfone supporting membrane.19 This membrane was used in the rejection of 
different salt solutions such as Na2SO4 (82.2%), MgSO4 (76.5%), NaCl (42.2%) 
and MgCl2 (23%).
19 Kim and Deng (2011) also fabricated a thin-film nano-
composite polyamide membrane with hydrophilised mesoporous carbon and this 
membrane was used in the adsorption of bovine serum albumin and salt 
rejection.20 With increasing amounts of mesoporous carbon (up to 6%), 
monovalent ion (NaCl) rejection was reduced from 68% to 50% but the divalent 
ions  (Na2SO4)  rejection was reduced slightly from 94% to 90%.
20 The rejection of  
the monovalent and multivalent ions was comparable to commercial nanofiltration 
membranes.22 Enantio-selective composite membranes were synthesised via 
interfacial polymerisation with L-arginine, piperazine and trimesoyl chloride. These 
thin film composite membranes have been successfully used in the separation of 
D-arginine and they nanofiltration are of great importance in the separation of 
numerous chiral drugs in the pharmaceutical industry. 21 
 The main objective of this section of the study work was to modify commercial 
ultrafiltration PSf membranes with β-CD-PPI to form a thin film composite 
nanofiltration membrane for the removal of humic acid. β-CD-PPI was used in this 
study because of the numerous nanocavities in this type of material which will 
provide a high loading capacity for humic acids. The immobilisation of this material 
onto the membrane in a form of a thin film is cost-effective, because this region 
only accounts for a small portion of the total material.22 Polysulfone was also 
selected as a support membrane because of its high chemical and thermal 
resistance.23 
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5.2 Experimental procedure 
5.2.1 Materials 
β-CD, from Wacker Chemie  was donated by Industrial Urethanes (Pty) Ltd. 
Generation 3 (G3) and generation 4 (G4) poly(propyleneimine)  dendrimers were 
purchased from SyMO-Chem B.V (Netherlands). N,N-carbonyldiimidazole(CDI) 
was purchased from Sigma Aldrich (USA). The purification of the β-CD dendrimer 
conjugates was carried out using benzoylated dialysis tubing (Sigma Aldrich, USA) 
with a molecular weight cut-off of 1 200 g·mol-1. The commercial flat sheet 
ultrafiltration PSf membrane (pore size: 4.8 nm; hydrophobic: 76°; water 
permeability: 101 ℓ m-2·h-1·MPa-1) was supplied by Marsi Water (Pty) Ltd 
(Northriding, South Africa). 1, 3, 5-Benzenetricarbonyl trichloride (TMC) and N-(3-
dimethylamino propyl)-N-ethyl-carbodiimide hydrochloride (EDC) were purchased 
from Sigma Aldrich Company (St Louis, USA) and humic acid (20% ash) was 
obtained from Fluka, Sigma Aldrich. All chemicals and materials were used as 
received. 
5.2.2 Preparation of β-CD-PPI-PSf membrane 
The membranes were prepared by using interfacial polymerisation reaction. An 
aqueous phase solution was prepared by dissolving the β-CD-PPI dendrimer 
conjugate (6%, w/v) (generation 3 or generation 4) in water. The microporous 
commercial PSf membrane was then coated with the aqueous solution for 24 h at 
room temperature. The residual liquid was drained and an N-(3-dimethylamino 
propyl)-N-ethyl-carbodiimide hydrochloride solution (5% w/v) in a phosphate buffer 
solution (pH = 5.6) was poured over the membrane and left to react for 3 h; this 
solution was used to promote esterification. The membrane was then immersed in 
the organic phase solution, i.e. trimesoyl chloride (1% w/v) in n-hexane for 60 s. 
The membrane was thereafter dried in the oven at a temperature of 60°C for 30 
min to promote further polymerisation. The modified PSf ultrafiltration membranes 
were then washed with deionised water to remove any of the residual trimesoyl 
chloride and stored in deionised water until further use. 
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5.3 Instrumentation 
5.3.1  Microscopy (scanning electron microscopy-energy dispersive X-ray 
diffraction spectroscopy and atomic force microscopy) 
Field emission scanning electron microscopy (Joel, JSM, 7500F) coupled with 
energy dispersive X-ray diffraction (EDX) was used to determine the morphologies 
of the PSf and the modified membranes. The samples were coated with gold twice 
at 20 mA for 2 min.  
Multimode atomic force microscope (AFM) nano-scope version (IV) was used to 
determine surface morphology and roughness (Rq) of the membranes. The 
membrane sample (1 cm x 1 cm) was placed on a sample holder and a RTESPW 
tip with a radius of curvature of less than 10 nm (Veeco instruments) was used. 
The tip was mounted on a 125 μm long cantilever with the spring constant of 40 
N·m-1 and this was employed for the tapping-mode experiment. The height and 
phase images were obtained using a scan rate of 0.5 Hz and the tip frequencies 
ranged from 280 kHz to 310 kHz.  
5.3.2 Contact-angle analysis 
Contact-angle analyses were measured using the sessile-drop method on a Data 
Physics OCA (Optical Contact Angle) measuring device. About 5 to 10 
measurements were conducted at different sites per sample and all 
measurements were recorded at room temperature. The contact angle values 
were the average of both receding and advancing contact angles. These analyses 
were carried out in order to determine the hydrophilicity of the membranes. 
5.3.3 Brunauer-Emmet-Teller analysis 
Brunauer-Emmet-Teller (BET) was used to measure the surface area of the 
modified membranes. For the BET analysis a Micromeritics ASAP 2020 Surface 
Area and Porosity Analyzer Software was utilised and the samples were degassed 
prior to the determination of the surface area.  
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5.4  Grafting yield 
The grafting yields of the membranes were calculated as the mass increase of the 
membrane after the grafting, which is given in Equation (5.1) 24. The grafting yield 
percentage was calculated from 3 replicates. 
𝐺 % =  
𝑚𝑐−𝑚𝑜
𝑚𝑜
 × 100        (5.1) 
where: 
G is the mass gain  
mo is the mass of the membrane prior to grafting 
mc is the mass of the grafted and dried membrane 
 
5.5 Water-intake capacity and porosity measurements 
Water-intake capacity was performed to evaluate the adsorption of water by the 
fabricated membranes. The water-intake capacity  (WIC) of the membranes was 
obtained after soaking the membranes in deionised water for 24 h. The 
membranes were weighed after mopping with paper to obtain the wet weight. The 
membranes were dried in an oven at 60°C for 24 h to obtain the dry weight. The 
WIC and porosity was calculated from 3 replicate measurements. The percent 
water-intake capacity (WIC) was calculated using Equation (5.2)16:  
𝑊𝐼𝐶 % =  
𝑊𝑤 −𝑊𝑑
𝑊𝑤
 × 100        (5.2) 
 
where: 
ww and wd are the wet and dry weights of the membrane, respectively 
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Membrane porosity was determined by immersing the membrane in water for 24 h 
followed by blotting the membrane with paper and thereafter weighing the 
membrane to obtain the wet weight of the membrane. The membrane was dried in 
an oven at 60°C for 24 h and the dry weight was measured. The porosity of the 
membrane (P) was determined by using Equation (5.3)16: 
𝑃  % =
(𝑊𝑜−𝑊1 )
𝐴ℎ
 × 1000        (5.3) 
where: 
w0 and w1 is the weight of the wet and dry membrane, respectively 
A is the area of the membrane (cm2)   
h is the membrane thickness (mm) 
5.6  Separation performance tests 
In order to evaluate the separation performance of β-CD-PPI membranes and PSf, 
tests were conducted using a six-cell cross-flow parallel membrane system shown 
in Scheme 5.1. The membranes were stabilised at 2.4 MPa for 2 h with deionised 
water and this was done in order to achieve a constant water flux before analysis 
were performed. The six-cell cross-flow system has a set of membrane cells fed in 
parallel from a single feed tank.25 The water in the feed tank was maintained by 
magnetic stirring and was pumped out of the reservoir and pressurised in the 
system by a hydra-cell pump. A laboratory recirculating heater chiller (Poly 
Science Digital Temperature Controller) maintained the feed water at 22°C. The 
back pressure regulators (Swagelok) and bypass valves controlled the feed-water 
hydraulic pressure and cross-flow velocity for each side individually.25 After 
sampling, the permeate and retentate was returned back to the feed tank in order 
to maintain a constant concentration of the humic acid. 
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Scheme 5.1:  A schematic representation of a six-cell cross-flow system: (1) feed 
solution (10 ℓ, 22°C); (2) feed pump; (3-5) and (12-14) membrane 
cell; (6 and 11) back pressure regulators; (7 and 10) flow meter; (8 
and 15) by-pass valves; (9 and 16) pressure gauges; (17-22) 
permeate streams  
The membrane permeability was determined from pure water flux using deionised 
water. The water flux (Jv) is expressed as in Equation (5.4)
16: 
𝐽𝑣 =
𝑉
𝐴𝑡
           (5.4) 
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where: 
v is the permeate volume (m3)  
A is the effective membrane area (0.00129 m2)   
t is the time (h) to collect the permeate volume  
To evaluate the rejection performance of the membrane towards humic acid, the 
feed solution of humic acid was passed through the membrane at a constant 
pressure of 0.69 MPa. Humic acid synthetic standard solution (50 mg ℓ-1) was 
prepared by weighing 0.63g of humic acid in 10 ℓ of distilled water at pH 6.9. The 
synthetic solution was sonicated for 30 minutes to completely dissolve the humic 
acid. The flux was monitored every 20 min for over an hour and the permeate was 
only taken once after 40 min. The permeate was analysed using a UV-Vis 
spectrophotometer at 254 nm. The percentage rejection (%R) of humic acid was 
calculated using Equation (5.5). 
% 1 100
p
f
c
R
c
            (5.5) 
where: 
Cp is the concentration of the permeate 
Cf is the concentration of the feed (mg·ℓ
-1) 
5.7  Membrane pore-size calculations 
The pore sizes of the PSf ultrafiltration membrane and the β-CD PPI PSf 
membrane were estimated using the steric exclusion model.26 This model 
estimates the pore size from the single solute rejections and the solute rejection is 
related to the solute-to-pore size ratio according to Equation (5.6): 
 
2
(2 )sX             (5.6) 
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where: 
s pr r   
is the solute-to-pore size ratio  
rs is the radius of humic acid  
rp is radius of the membrane pores  
Xs is the observed solute rejection 
The humic acid effective diameter was determined by using Equation (5.7)27: 
𝑟𝐸 = 0.0625(𝑀𝑊)
0.438          (5.7) 
where: 
rE is the particle diameter (nm)  
MW is the molecular weight of the humic acid 
The pore radius of the membranes is determined by first fitting the observed 
rejection data to Equation (5.6) to obtain the solute-to-pore size ratio data (ƛ). If ƛ 
and rs (2.1 nm) is known thus the pore radius is then determined by 𝑟𝑝=𝑟𝑠 ƛ 
. 
5.8  Characterisation of  β-CD PPI PSf membrane 
5.8.1  FT-IR analyses 
In order to obtain information about structural modification of the PSf membrane 
after interfacial polymerisation of β-CD-PPI conjugate and trimesoyl chloride, FT-
IR analyses were performed. Interfacial polymerisation is carried out by a poly-
condensation reaction of a polyfunctional amine or polyol (aqueous phase) with an 
acid chloride (organic phase) at the interface of two immiscible solvents to produce 
a membrane with an active crosslinked layer. 26,27 The results shown in Figure 5.2 
indicate that the polymerisation had occurred since the carbonyl bond of the acid 
chloride band at 1 744 cm-1 disappeared and three new bands at 3 352 cm-1, 1 
796 cm-1 and 1 708 cm-1, which are characteristic of v(OH), v(O-C=O) and v(HN-
  Chapter 5: β-CD PPI membrane support 
101 
C=O) vibrations, were detected for the β-CD-PPI-PSf membrane . The absorption 
bands at 3 352 cm-1and 1 708 cm-1 are due to hydroxyl groups and amide bond 
from the β-CD-PPI (see Figure 5.2) monomer and this gave confirmation that the 
β-CD-PPI monomer was incorporated onto the PSf membrane. The peak at 1 796 
cm-1 is characteristic of an ester group suggesting that a polyester film was formed 
and the possible mechanism of chemical bonding between β-CD-PPI dendrimer 
and trimesoyl chloride is illustrated in Figure 5.2. The β-CD-PPI is attached via 
covalent bond or by hydrogen bonding between the hydroxyl groups of the β-CD-
PPI and the sulphonyl groups of the PSf.16 
 
Figure 5.2: FT-IR spectrum showing comparison between TMC, PSf membrane 
and β-CD-PPI-PSf membrane 
5.8.2 SEM analyses 
The changes in surface roughness between the unmodified PSf membrane and 
the β-CD-PPI modified PSf membranes can be distinctly observed in Figure 5.3. 
The surface of the PSf membrane is smooth and featureless as shown in Figure 
5.3(A). After interfacial polymerisation on the surface of the PSf a rough active 
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surface layer was generated, shown at 500 X magnification (Figure 5.3(B)). At 
higher magnification (Figure 5.3(C)) the thin-film composite appears as a dense 
layer with an even distribution of circular white particles on the surface of the 
membranes. The presence of these particles has been observed before on the 
surface of a nanofiltration membrane developed from hydroxyl terminated 
hyperbranched polyester (HPE) and trimesoyl chloride during interfacial 
polymerisation.28 The formation of these particles on the surface of the membrane 
is due to the congregation and intra-molecular reaction of the HPE molecules, 
resulting in HPE particles being presented on the surface of the membrane.30 
These white circular particles observed on the SEM micrographs were from the β-
CD-PPI monomer. 
  
  
 
Figure 5.3: SEM images of (A) PSf supporting membrane (500 X); (B) β-CD-PPI-
PSf membrane (500 X); and (C) β-CD-PPI-PSf membrane (10 000 X) 
(C) 
(A) (B) 
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5.8.3 AFM studies 
AFM analyses were also carried out in 2D and 3D mode at 4 µm scan to further 
investigate any changes in surface morphology (Figure 5.4(A)-(F)). The 3D AFM 
image revealed that the PSf surface was flat, evenly distributed and had a uniform 
ridge-and-valley structure illustrated in Figure 5.4(A) and (B). After interfacial 
polymerisation of the β-CD-PPI monomer with trimesoyl chloride, the membrane 
topography showed new protrusions which were unevenly distributed for β-CD-G3-
PPI-PSf (Figure 5.4(C) and (D) and β-CD-G4-PPI-PSf (Figure 5.4(E) and (F)). 
These AFM analyses are consistent with what has been reported in the literature 
where thin film composite membrane modifications were performed.16,28,29 Kang 
and co-workers31 observed that with unmodified membranes the structure had a 
ridge-and-valley pattern and after polyethylene glycol modification the membrane 
showed irregularities and this was also accompanied by an increase in the 
roughness from 58 nm to 98 nm. The roughness measurements (Rq) were found 
to complement the above results, since for unreacted PSf it was found to be 6.34 
nm as compared to 9.55 nm for β-CD-G3-PPI-PSf and 23.55 nm for β-CD-G4-PPI-
PSf. In general, roughness was found to increase due to various manufacturing 
process steps (i.e. from PSf to β-CD-PP-PSf).28 As seen in the SEM micrographs, 
the AFM results again confirmed that the β-CD-PPI monomer was successfully 
grafted onto the surface of the membrane. Moreover, the grafting yield percentage 
shown in Table 5.1 also confirmed the attachment of the β-CD-PPI on the surface 
of the membrane. 
  
 
(A) (B) 
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Figure 5.4: AFM surface images of the membranes: PSf 2D (A); PSf 3D (B); β-CD-
G3-PSf 2D (C); β-CD-G3-PSf 3D (D); β-CD-G4-PSf 2D (E); and β-CD-
G4-PSf 3D (F) 
5.9 Membrane Characterisation studies 
5.9.1  Water-contact angle, pure water flux and water content 
The water-intake capacity, porosity, grafting yield, contact angle and pure water 
permeability are shown in Table 5.1. The water-contact angles in this study are 
used as an indirect indication of the hydrophilicity of the membranes. It can be 
observed that the addition of the β-CD-PPI monomer enhanced the hydrophilicity 
of the membrane shown by a decrease in contact angle from 76° for unmodified 
PSf to 36° and 41° for β-CD-G3-PSf and β-CD-G4-PSf, respectively. The 
enhancement of the surface hydrophilicity of the modified PSf membranes was 
(C) (D) 
(E) (F) 
  Chapter 5: β-CD PPI membrane support 
105 
attributed to the introduction of hydrophilic –OH and –NH groups from the β-CD 
molecule and poly(propyleneimine) dendrimer, respectively. During the interfacial 
polymerisation partial reaction of the –OH groups was effected by reducing the 
trimesoyl chloride concentration used, as well as the time taken for the 
crosslinking reaction. The presence of unreacted –OH groups was noted in the 
FT-IR spectra of the modified membrane. 
Table 5.1: Water-intake capacity, contact angle, porosity, grafting yield and pure 
water flux for PSf and β-CD-PPI-PSf membranes 
Membranes Water-intake 
capacity (%)
1
 
Contact 
angle (°) 
Porosity 
(%)
2
 
Grafting yield 
(%)
3
 
Pure water 
permeability (ℓ 
m
2
·h
-1
·MPa
-1
) 
Commercial PSf 17 76 15 - 101 
β-CD-G3-PPI-PSf 29 36 23 31 26 
β-CD-G4-PPI-PSf 47 41 42 20 46 
1
 Calculated using Equation (5.2) 
2
Calculated using Equation (5.3) 
3 
Calculated using Equation (5.1) 
 
The water-intake capacity (Table 5.1) increased after the interfacial polymerisation 
of PSf with β-CD-PPI and trimesoyl chloride. This was also ascribed to the 
improved hydrophilicity as well as the extent of crosslinking during polymerisation. 
Generally, when the thin-film composite layer of the modified membrane is not 
completely crosslinked, as there will still be free OH groups (Figure 5.2), the 
structure of the active membrane layer tends to be less rigid.28 This therefore 
enhances water uptake of the membrane. The adsorptive properties of the 
membrane can also be improved if the structure is loosely packed since this gives 
room for the β-CD-PPI to become highly swollen thus increasing water content.28 
Figure 5.5 shows the effect of different pressures on the pure water flux. Generally 
the flux increased with increasing operating pressure up to 2 MPa. The pure water 
permeability was measured using 4 different applied pressures and a good linear 
relationship between the water permeability and applied pressure was observed 
(R2≈ 0.98).28 The commercial PSf ultrafiltration membrane had the highest water 
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permeability of 101 ℓ m-2·h-1·MPa-1 as compared to β-CD-G3-PPI-PSf  
(26 ℓ m-2·h-1·MPa-1) and β-CD-G4-PPI-PSf (46 ℓ m-2·h-1·MPa-1).This low water 
permeability of the modified membranes could be due to the fact that the 
membrane’s top layer has been modified with the cyclodextrin-dendrimer 
conjugate hence it becomes more dense and causes agglomeration of the 
material on the membrane, resulting in a high resistance of water passing through 
the membrane thus lowering the permeability. The decrease in water flux at high 
polymer loading has been previously observed by Wei et al.28 and Kim and Deng20 
for PSf-hyperbranched polyether (HPE) membranes and thin-film nanocomposites 
with hydrophilised ordered mesoporous carbons (H-OMCs). Kim and Deng20, 
reported a decrease in the water flux for H-OMCs membranes (1.45 x 10-1 ℓ·m-
2·psi-1) (at high polymer loading (10%) due to agglomeration of the H-OMCs at 
very high concentration of the polymer. On the other hand, Wei et al.28 observed a 
decrease in water flux with an increase in HPE loading. At low HPE dosage (1.14 
g) a flux of 80 ℓ·m-2·h-1 was recorded and as the dosage of HPE was increased to 
5 g the flux decreased to 20 ℓ·m-2·h-1.  
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Figure 5.5: The relationship between pure water flux and pressure  
5.9.2  Rejection of humic acid 
It can be noted that the pore size of the PSf (4.8 nm) is larger than the diameter of 
the humic acid molecule (2.1 nm) thus it was expected that this membrane would 
have the lowest rejection (47%). The larger pore size provided easy passage of 
humic acid, thus it could easily permeate through the membrane. Fu et al.30 
reported that low rejections of membranes indicate that the pore sizes of the 
membrane are much larger than the humic acid molecule size. This is because 
with larger pores it is easier for the humic acid molecule to pass through the 
membrane pores. The modified membranes have a distribution of pore sizes, but 
the mean pore size is less than that of humic acid. The rejection of humic acid was 
higher for the β-CD-G3-PPI-PSf membrane (64%) (pore size:1.4 nm) and β-CD-
G4-PPI-PSf (72%) (pore size: 1.5 nm). The higher rejection of β-CD-G4-PPI-PSf 
was expected since this membrane has 32 β-CD pendant arms and covers a 
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larger surface area (2.81 m2·g-1) as compared to the β-CD-G3-PPI-PSf with 16 β-
CD pendant arms with a surface area of 2.08 m2·g-1.  
Therefore in this study we considered that the adsorption of humic acid was 
influenced by the special characteristics of the β-CD-PPI nanostructure. It was 
proposed that the β-CD-PPI contributed to three types of structures within the PSf 
membrane responsible for humic acid rejection, namely the normal pores of the 
PSf; pores with the cavity network; and the pores without cavities within the rigid 
structure of the PSf as illustrated in Figure 5.6.  
 
 
Figure 5.6: Proposed structures within β-CD-PPI-PSf membranes for the rejection 
of humic acid 
The humic acid molecule was accommodated in the cavities of the membranes 
due to the presence of β-CD and PPI dendrimer nanocavities that were evenly 
distributed within the pores of the membranes as well as the rigid structure of the 
membrane (Figure 5.6). The abundance of cavities in the structure of the 
membrane meant that the excess humic acid that would have clogged the 
membrane could be accommodated over a large surface area therefore prolonging 
the membranes’ life-time. A similar type of mechanism was hypothesised by Xu et 
al.31 for CO2 transport through ZIF-8 membranes. These membranes were found 
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to have both micro-cavities and inter-crystal pores. The micro-cavities played a 
role in the strong CO2 adsorption properties. 
The permeate fluxes of the PSf, β-CD-G3-PPI-PSf and β-CD-G4-PPI-PSf 
membranes over time are presented in Figure 5.7. The modified membranes 
exhibited low fluxes as compared to the native PSf ultrafiltration membrane. 
Generally, membranes prepared using 1% trimesoyl chloride have a relatively 
thick selective layer which is accompanied by high rejection and low solute flux.21 
In the latter study composite membranes were prepared using interfacial 
polymerisation for the separation of racemic arginine.21 The membranes prepared 
from 1% trimesoyl chloride had highest rejection of arginine (70%–85%) and low 
volumetric flux (15 ℓ·m-2·h-1).21 This trend was also observed in this study where 
the modified membranes were prepared by crosslinking the β-cyclodextrin 
dendrimer with 1% trimesoyl chloride to form an active layer on the surface of the 
PSf. The modified membrane had a high rejection of humic acid accompanied by 
low solute flux.  
 
Figure 5.7: Filtrate flux during filtration of humic acid at 0.69 MPa.  
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5.9.3 FT-IR analyses of used membranes 
Figures 5.8 (A)-(C) show FT-IR spectra obtained for the different membranes after 
the adsorption of humic acid. FT-IR has previously been used by various 
researchers in order to assess fouling of membranes.32 Comparison of the FT-IR 
spectrum of fouled PSf membranes and that of the clean membrane shows the 
formation of new bands. A broad band at 3 304 cm-1 and a small shoulder at 1 638 
cm-1 were observed, which were ascribed to O-H and aromatic groups, 
respectively, from the humic acid molecule. This provided evidence for humic acid 
deposition on the surface of the membrane and this was also confirmed by an 
increase in contact angle from 76° before humic acid adsorption to 81° after humic 
acid adsorption. These results are in agreement with those of Yuan and Zydney33, 
who found that humic acid deposits on the upper surface of the membrane have a 
much greater effect on the contact angle. There was reduction of the peak at 1 
702 cm-1 (NH–C=O) for both β-CD-G3-PPI-PSf and β-CD-G4-PPI-PSf (Figure 
5.8(B) and 5.8(C)) for the used membranes which also revealed that the 
components of the membrane containing these functional groups were coated with 
humic acid. Similar results were reported by Mozi et al.32 using cellulose acetate 
membranes. They found that there was strong reduction of a band at 1 770 cm-1.32 
It was concluded that the negatively charged carboxylic groups on the cellulose 
acetate membrane were coated with humic acid. The presence of humic acid was 
also revealed by the appearance of a new peak at 1 640 cm-1 for both 
membranes.  After humic acid adsorption by the modified membranes, a slight 
change in the contact angles was observed. The contact angle for β-CD-G3-PPI-
PSf membrane increased slightly from 36° to 38° while that of β-CD-G4-PPI-PSf 
decreased from 41° to 38°. These observations further confirm that, in general, 
hydrophilic membranes are less susceptible to fouling than hydrophobic 
membranes.32 
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Figure 5.8: FT-IR/ATR of clean and used membranes for (A) commercial PSf; (B) 
β-CD-G3-PPI-PSf; and (C) β-CD-G4-PPI-PSf 
5.10  Conclusion 
New types of nanostructured nanofiltration membranes were developed containing 
cyclodextrin-poly (propyleneimine) dendrimer. The study revealed that the 
modification of the polysulfone ultrafiltration membrane with β-CD-PPI 
nanostructure greatly improves the hydrophilicity of the membrane, separation 
performance towards humic acid and the antifouling properties. The rejection of 
humic acid was dependent on dendrimer generation, that is, the modified 
membrane coated with β-CD-G4-PPI had the highest rejection as compared to the 
membrane modified with β-CD-G3-PPI. The presence of β-cyclodextrin 
poly(propyleneimine) played an important role in developing an active structure for 
the adsorption of humic acid. Therefore it can be concluded that these membranes 
are useful in the filtration of NOM in the range 0.1-2 nm in size. 
 
(C) 
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CHAPTER 6 
NANOSTRUCTURED β-CYCLODEXTRIN-HYPERBRANCHED 
POLYETHYLENEIMINE (β-CD-HPEI) EMBEDDED ON POLYSULFONE 
MEMBRANE FOR THE REMOVAL OF HUMIC ACID FROM WATER 
§
   
 
6.1 Introduction 
Membranes with a variety of molecular weight cut-off (MWCO), have been found 
to be useful in the removal of viruses (ultrafiltration membranes), NOM and 
divalent ions (nanofiltration membranes).1  Polysulfone ultrafiltration membranes 
have been widely used as base material for modification due to their chemical and 
thermal stability. However polysulfone (PSf) membrane is hydrophobic and 
numerous studies have been conducted to modify this membrane by methods 
such as graft polymerisation, phase inversion, hydrophilic polymer coating and 
interfacial polymerisation.2 The latter is a key method for producing nanofiltration 
membranes and for membrane modification. 
Hyperbranched polymers have received great attention in the past decade due to 
their diverse molecular structure.3 Hyperbranched polyethyleneimine consists of a 
central core from which a network of repeating branches emanate, with end-
groups that make them susceptible to functionalisation.4 They contain molecular 
cavities which can be used for the encapsulation of organic pollutants.4 
Hyperbranched polyethyleneimine bear the same structural features as 
poly(propyleneimine) dendrimers and is considered a viable alternative to these 
dendrimers.4 This is because hyperbranched polymers are more cost-effective 
than dendrimers with respect to industrial applications.5 Recently, a poly 
(vinylidene fluoride) composite membrane was modified with hyperbranched 
                                                   
§
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polyglycerol using a phase-inversion method.4 The hyperbranched polyglycerol 
(HPEG) acted as a pore-forming additive and the effect of HPEG on the 
membrane properties were investigated.4 As the HPEG content was increased the 
water flux, hydrophilicity and porosity of the membranes were improved. A 
hyperbranched poly (amidoamine) polysulfone composite membrane was 
prepared for the removal of cadmium metal ions from contaminated aqueous 
media. The efficiency of cadmium removal was 51% and the retention of bovine 
serum albumin was 85% and high water permeability of 18 ℓ·m2·h-1 was achieved.6 
Chiang et al.7 prepared a nanofiltration membrane from hyperbranched 
polyethyleneimine (PEI) and trimesoyl chloride (TMC). In this study attempts were 
made to obtain a membrane with high rejection to salts as well as high water 
permeability.7 The  PEI/TMC nanofiltration membrane had high salt rejection for 
MgSO4 and MgCl2 (~ 80 %) and water permeability (11 kg m
-2 h-1 bar-1). Wei et al. 
(2008)5 developed a nanofiltration membrane from hyperbranched polyester and 
trimesoyl chloride via in situ interfacial polymerisation. Water permeability and salt 
rejection studies were performed under low trans-membrane pressure to assess 
their potential application in water softening.5 The membrane exhibited enhanced 
water permeability and high NaSO4 rejection (85%). 
Beta-cyclodextrin (β-CD) is a non-toxic stable cyclic oligosaccharide that has a 
hydrophobic cavity which can form inclusion complexes with a variety of solids, 
liquids and gaseous compounds.2 Recently, cyclodextrins (CDs) have also been 
used to fabricate membranes; a CD/polyimide composite membrane was prepared 
by Jiang and Chung8 for the dehydration of isopropanol. This membrane was 
found to have superior separation properties of isopropanol after the incorporation 
of CDs which form additional water channels created by the outer surface of the 
CDs.8 Choi et al.2 also synthesised amphiphilic β-CD/PSf hollow-fibre membranes 
for the removal of di- (2-ethylhexyl) phthalate (DEHP) an endocrine disrupting 
plasticizer. These membranes had an enhanced permeability ( upto 5 x 103 ℓ  m-
2·h-1bar-1) and effectively removed DEHP from aqueous solutions (upto 70%).2 
Mixed-matrix β-CD/PSf nanofiltration polyurethane membranes have also been 
synthesised for the removal of cadmium from water.9 The membranes were found 
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to be highly hydrophilic with high water permeability and high cadmium rejection of 
upto 70%.9 
In this work a commercial PSf ultrafiltration membrane was modified using a β-
cyclodextrin-hyperbranched polyethyleneimine (β-CD-HPEI) composite and this 
membrane was geared towards the removal of humic acid from synthetically 
prepared water samples. The combination of the hyperbranched polyethylenimine 
polymer, cyclodextrins and polysulfone should lead to a novel nanofiltration 
membrane that combines the encapsulation properties of the β-CD-HPEI moiety 
and the stability of PSf resulting in a membrane that would be effective in water 
treatment. 
6.2 Experimental 
6.2.1 Materials 
Hyperbranched polyethylenimine (PEI) was supplied by Caltech (California, USA). 
The commercial flat sheet ultrafiltration PSf membrane (pore size: 4.8 nm; 
hydrophobic: 76°; water permeability: 101 ℓ m-2·h-1·MPa-1) was supplied by Marsi 
Water (Pty) Ltd (Northriding, South Africa). The other chemicals and materials 
used in this study are described in Chapter 5: section 5.2.1. 
6.2.2 Synthesis of β-cyclodextrin hyperbranched polyethylenimine  
The formation of hyperbranched polyethyleneimine (average molecular weight = 
25 000) is shown in Scheme 6.1. Hyperbranched polyethylenimine (0.517 g, 0.02 
mmol) was placed in a round-bottom flask and dimethyl sulphoxide (8 mℓ) was 
added; β-CD-CIm (0.69 g, 0.54 mmol) and triethylamine (300 µℓ) were added to 
this hyperbranched polyethylenimine solution. This solution was stirred at room 
temperature for 24 h and was purified using dialysis in deionised water for 2 d. 
Lyophilisation of the solution for 2 d resulted in a yellow fluffy solid (44 mg, 37%). 
FT-IR/ATR analysis showed the following: 3 278 cm-1 (O-H), 2 913 cm-1 (C-H), 2 
818 cm-1 (-CH2-), and 1 707 cm
-1 (NH-C=O). The following 1HNMR (400 MHz, 
D2O) (ppm) peaks were obtained: δ=2.56-2.62 (-CH2-CH2N-, hyperbranched 
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polyethylenimine), δ = 3.48-3.56 (m, -CH, cyclodextrin), δ = 3.74-3.86 (m, -CH, 
cyclodextrin), δ = 4.97 (s, -CH2, cyclodextrin), and δ = 7.98 (s, NH-C=O). The 
13CNMR (400 MHz, D2O) (ppm) signals obtained were: δ = 37.66, δ=39.72, δ = 
45.52, δ = 47.55, δ = 50.38, δ = 50.94, δ = 52.95, δ=55.69 (-CH2, hyperbranched 
polyethylenimine), δ = 60.12 (-CH2, cyclodextrin), δ = 72.99, δ = 71.94, δ = 71.72, 
δ = 81.03, δ = 101.81 (-CH, cyclodextrin), and δ = 156.60 (C=O).  
 
Scheme 6.1: Synthetic preparation of β-CD-HPEI 
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6.2.3 Preparation of β-CD HPEI PSf membranes 
The membranes were prepared using an interfacial polymerisation reaction. The 
aqueous phase solution was prepared by dissolving β-CD HPEI in varying 
concentrations (2%, 4%, 6% and 8% w/v) in water. The microporous commercial 
PSf membrane was then dip-coated in the aqueous solution for 24 h at room 
temperature. The residual liquid was drained and N-(3-dimethylamino propyl)-N-
ethyl-carbodiimide hydrochloride solution (5% w/v) in a phosphate buffer solution 
(pH=5.6) was poured over the membrane and left to react for 3 h to promote 
esterification. The membrane was then immersed in the organic phase solution, 
i.e. trimesoyl chloride (1% w/v) in n-hexane and left for 60 s for the reaction to 
occur. The membrane was dried in the oven at a temperature of 60°C for 30 min to 
promote further polymerisation. The modified PSf membranes were then washed 
with deionised water to remove any of the residual trimesoyl chloride and were 
stored in deionised water. 
6.3 Characterisation of β-CD-HPEI and β-CD-HPEI-PSf membranes 
6.3.1 Nuclear magnetic resonance spectroscopy 
NMR analyses of β-CD-HPEI were carried out as per discussion in Chapter 3: 
Section 3.2.2.1. 
6.3.2 Fourier transform infrared/attenuated total reflectance spectroscopy  
β-CD-HPEI and the membrane samples were analysed according to the procedure 
stated in Chapter 3: Section 3.2.2.2. 
6.3.3 Thermogravimetric analysis (TGA) 
The thermal properties and stability of HPEI, β-CD-CIm and β-CD-HPEI were 
assessed as described in Chapter 3: Section 3.2.2.4. 
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6.3.4 Microscopy (scanning electron microscopy and atomic force 
microscopy) 
The membrane samples were analysed according to the procedure described in 
Chapter 5: Section 5.3.1. 
6.3.5 Contact-angle measurements 
Membrane contact-angle analyses were conducted as stated in Chapter 5: Section 
5.3.2 
6.3.6 Water-intake capacity measurements 
These were calculated by using Equation (5.2). 
6.3.7 Separation performance tests 
These tests were outlined in Section 5.4, Chapter 5. 
6.3.8 Membrane permeability  
This was determined from pure water flux using deionised water. The water flux 
(Jw) is expressed in Equation (5.4). 
6.3.9 Rejection analysis 
Rejection was calculated using Equation (5.5). 
6.3.10  Membrane pore-size calculations 
Equations (5.6) and (5.7) were used for pore-size calculations. 
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6.4 Results and discussion  
6.4.1 β-CD-HPEI synthesis and characterisation 
The synthesis was achieved in a two-step procedure: first the conjugation of β-CD 
with carbonyldiimidazole to form β-cyclodextrin carbonyldiimidazole (β-CD-CIm), 
and secondly, a poly-condensation reaction between β-CD-CIm and HPEI. The 
FT-IR spectra of β-CD-CIm and β-CD-HPEI are shown in Figure 6.1.  
 
 
Figure 6.1: FT-IR/ATR comparison of precursor β-CD-CIm and β-CD-HPEI 
The β-CD-HPEI conjugate showed the appearance of a new peak at 1 707 cm-1, 
indicating that a carbonyl bond had been formed between the HPEI and β-CD and 
this was absent in the β-CD-CIm spectrum (Figure 6.1). Characteristic peaks of 
methyl and methylene appeared at 2 913 cm-1 and 2 818 cm-1 respectively, which 
can be attributed to both the HPEI and β-CD molecules. A broad peak at 3 278 
cm-1 is due to the symmetric and anti-symmetric –OH stretching mode.  
Figure 6.2 shows the 1HNMR spectrum of β-CD-HPEI and these results revealed 
that HPEI was successfully conjugated to the β-CD. The HPEI protons resonated 
at δ = 2.56 ppm to δ = 2.62 ppm and the amide proton (HNC=O) was observed 
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downfield as a singlet at δ = 7.94 ppm (Figure 6.2B). The cyclodextrin part of the 
molecule appears as a set of well resolved signals in the region δ = 3.48 ppm to 
4.97 ppm.  These results are in agreement with those reported in literature, where 
low molecular weight polyethyleneimine (PEI-600) was conjugated with 
cyclodextrin (CyD) for gene transfer in a 1:1 ratio.10,11 The HNMR of PEI-600-CyD 
showed peaks at δ = 2.3 ppm to δ = 2.8 ppm assigned to protons of – CH2-CH2-N- 
from PEI-600 and cyclodextrin peaks at δ = 3.5 ppm to δ = 5.0 ppm revealing the 
successful synthesis of PEI-600-CyD.11 Huang et al.10 synthesised a novel co-
polymer based on 2-hydroxypropyl-ɑ-cyclodextrin crosslinked with low molecular 
weight polyethylenimine (PEI-600), proton signals of PEI-600 and CD were 
detected at δ = 2.4 ppm to δ = 3.0 ppm and at δ = 3.2 ppm to δ = 5.2 ppm, 
respectively.  
 
(A) 
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Figure 6.2: HNMR of β-CD-HPEI in D2O (A) and the amide proton (–CO-NH-) at 
7.98 ppm (B)  
The 13C NMR spectrum of β-CD-HPEI conjugate is depicted in Figure 6.3 and it 
shows well-resolved peaks that were assigned to the HPEI carbon signals at δ = 
37.66 ppm, δ = 39.72 ppm, δ = 45.52 ppm, δ = 47.55 ppm, δ = 50.38 ppm, δ = 
50.94 ppm, δ = 52.95 ppm and δ = 55.69 ppm. The β-CD carbon signals were 
detected at δ = 60.12 ppm, δ = 71.72 ppm, δ = 71.94 ppm, δ = 72.99 ppm and δ = 
101.81 ppm. The carbonyl carbon was assigned at δ = 156.60 ppm which further 
confirmed the bonding between β-CD and HPEI.  
 
(B) 
  Chapter 6: Application of β-CD-HPEI 
126 
 
Figure 6.3: 13CNMR of β-CD-HPEI in D2O (insert shows the anomeric carbon at 
156.60 ppm) 
The thermogravimetric profile of β-CD-HPEI is shown in Figure 6.4. A three-stage 
decomposition process was observed for the β-CD-HPEI; the first degradation 
profile at 100°C was due to the loss of water molecules. The second mass loss 
was noted at 380°C which was approximately 88%. It can be attributed to the 
degradation of HPEI. The third weight loss of about 5% was attributed to β-CD-
CIm. The degradation pattern differed significantly from both starting material (i.e. 
β-CD-CIm and HPEI) and this gave an indication that the polymerisation process 
had enhanced the thermal stability. Similar results have been reported by Tang et 
al.11 where low molecular weight polyethyleneimine (PEI-600 Da) was reacted with 
β-cyclodextrin. The TGA profile analysis showed the loss of water at 100°C, 
followed by degradation of PEI-600 at 300°C and lastly the degradation of the 
cyclodextrin at 350°C.11 
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Figure 6.4: Thermogravimetric analysis of β-CD-CIm, β-CD-HPEI and HPEI 
6.5 Fabrication of β-CD-HPEI-PSf membrane 
6.5.1 FT-IR analyses of the modified membranes 
Structural modification of the commercial PSf membrane using β-CD-HPEI was 
confirmed by FT-IR analysis (Figure 6.5). Interfacial polymerisation is carried out 
by poly-condensation reaction of a polyfunctional amine or polyol (aqueous phase) 
with an acid chloride (organic phase) at the interface of two immiscible solvents to 
produce a membrane with an active crosslinked layer.7,12 The spectra for 2%, 4%, 
6% and 8% β-CD-HPEI showed peaks at 3 097 cm-1, 2 907 cm-1, 1 796 cm-1 and 1 
696 cm-1. The adsorption bands at 3 097 cm-1, 2 907 cm-1 and 1 696 cm-1 are due 
to hydroxyl groups, C-H groups and amide groups (HN-C=O), respectively, from 
the β-CD-HPEI. The peak at 1 796 cm-1 is characteristic of an ester group 
confirming that a polyester film had been formed by the reaction of β-CD-HPEI and 
trimesoyl chloride. To further confirm that polymerisation had occurred there was 
disappearance of a carbonyl peak of the acyl chloride of the trimesoyl chloride at 1 
744 cm-1. 
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Figure 6.5: FT-IR analysis of β-CD-HPEI-PSf membranes 
6.5.2 Scanning electron microscopy of clean membranes 
Scanning electron microscopy (SEM) micrographs of β-CD-HPEI-PSf are shown in 
Figure 6.6. The PSf (Figure 6.6(A)) showed smooth, featureless and unstructured 
morphology. In contrast, the 4%, 6% and 8% β-CD-HPEI-PSf showed denser and 
rougher surface morphologies with 8% β-CD-HPEI-PSf (Figure 6.6(E)) being more 
densely structured than 4% β-CD-HPEI-PSf and 6% β-CD-HPEI-PSf (Figure 
6.6(C) and 6.6(D)). This is because a thin-film polyester layer is deposited on the 
PSf membrane surface during interfacial polymerisation of trimesoyl chloride and 
β-CD-HPEI. Figure 6.7(A)-(D) shows the cross-section image of the membranes 
and the estimated thickness (using ImageJ Software: Open the image on image J, 
choose the straight freehand line and place it on the area of interest which is the 
thickness and then take the measurement) of 2%, 4%, 6% and 8% was 10 µm, 20 
µm, 41 µm and 45 µm, respectively.13 Therefore, as the amount of the β-CD-HPEI 
  Chapter 6: Application of β-CD-HPEI 
129 
was increased, the thickness of this film increased as illustrated in Table 6.1. 
During this process, the β-CD-HPEI and the trimesoyl chloride reacted by inter- 
and intra-molecular processes which resulted in the congregation of β-CD-HPEI 
molecules on the surface of the membrane.5 These processes further led to the 
formation of a dense membrane structure as the β-CD-HPEI dosage was 
increased from 2% to 8%.  
   
    
   
Figure 6.6: SEM micrographs of (A) commercial PSf; (B) 2% β-CD-HPEI-PSf; (C) 
4% β-CD-HPEI-PSf; (D) 6% β-CD-HPEI-PSf; and (E) 8% β-CD-HPEI-
PSf 
(A
))) 
(B) 
(C) (D) 
(E
) 
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Figure 6.7: Cross-section images of (A) 2% β-CD-HPEI; (B) 4% β-CD-HPEI-PSf; 
(C) 6% β-CD-HPEI-PSf; and (D) 8% β-CD-HPEI-PSf 
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Table 6.1: Thickness of the thin-film layer 
Membrane Thin-film thickness (µm) 
2% β-CD-HPEI-PSf 10 
4% β-CD-HPEI-PSf 20 
6% β-CD-HPEI-PSf 41 
8% β-CD-HPEI-PSf 45 
 
6.5.3 Atomic force microscopy of clean membranes 
The AFM topographies of the PSf-based membranes are shown in Figure 6.8. The 
AFM results also provided information on the surface roughness of the 
membranes as a result of surface modification with the different concentrations of 
β-CD-HPEI. The 3D-AFM of the unmodified PSf showed a smooth surface (Figure 
6.8(A)). As the amount of β-CD-HPEI was increased from 2% to 8% (Figure 
6.8(B)-(E)) there was an increase in the surface roughness of the membranes 
from 6.34 nm (unmodified PSf) to 35.07 nm for the 8% β-CD-HPEI-PSf membrane 
(Table 6.2). These results are in good agreement with a study conducted by Wei 
et al.5 where the surface roughness of PSf-hyperbranched polyester (HPE) 
nanofiltration membranes increased with an increase in (HPE) dosage from 5 nm 
to 12.5 nm. However the surface roughness of  β-CD-HPEI/PSf was higher as 
compared to the one reported in literature for PSf-HPE membrane because 
different methods in preparation in terms of  the HPE dosage, concentration of 
TMC as well as the variations in heat treatement during the preparation of the 
membrane were used.  Adams et al.9 prepared β-CD-polyurethane/PSf composite 
membranes and observed surface changes as a result of the increase in the 
amount of β-CD polyurethane added to the composite membrane.  
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Figure 6.8: AFM images for (A) PSf ultrafiltration membrane; (B) 2% β-CD-HPEI-
PSf; (C) 4% β-CD-HPEI-PSf; (D) 6% β-CD-HPEI-PSf; and (E) 8% β-
CD-HPEI-PSf 
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Table 6.2: Roughness measurements for the modified membranes 
Membranes Roughness (Rq) (nm) 
Commercial PSf 
2% β-CD-HPEI-PSf 
6.34 
9.43 
4% β-CD-HPEI-PSf 10.73 
6% β-CD-HPEI-PSf 26.53 
8% β-CD-HPEI-PSf 35.07 
 
6.6 Membrane characterisation studies 
6.6.1 Water-intake capacity, contact-angle and water-permeability analysis 
Contact angles were measured to evaluate the effect of β-CD-HPEI on the 
hydrophilicity of the modified membranes. As shown in Table 6.3, as the β-CD-
HPEI concentration is increased from 2% to 8% the contact angle also increased 
(25° to 63°). These results suggest that a more hydrophobic layer is created as the 
β-CD-HPEI content is increased. This is because at high β-CD-HPEI content, the 
number of β-CD-HPEI molecules is increased and it is highly likely for PSf to form 
inclusion complexes in the β-CD and HPEI nanocavities thus increasing the 
hydrophobicity of the membrane.9 These results are in line with those reported in 
the literature where β-CD polyurethane/PSf composite contact angles increased 
from 49° to 63° with an increase in the β-CD polyurethane dosage from 5% to 
10%.9 As the β-CD polyurethane was increased, more room was created for the 
polysulfone to form inclusion complexes with the β-cyclodextrin polyurethane 
cavity which is hydrophobic.9  Wei et al.5 reported on relatively high contact angles 
for nanofiltration membranes developed from hydroxyl-terminated hyperbranched 
polyester because hyperbranched polyester has cavities that are hydrophobic and 
would migrate to the membranes’ surface during the drying process.5 The β-CD-
HPEI used in this study contains hydrophobic cyclodextrin and hyperbranched 
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polyethyleneimine molecular cavities which also contributed to the increase in the 
contact-angle values.14 It should be noted though that these contact-angle values 
are still lower than that of PSf (76°) which is indicative that the modified 
membranes were relatively hydrophilic. 
Table 6.3: Water-intake capacity (WIC) and contact angle for the modified 
membranes 
Membranes WIC (%) Contact angle (°) 
PSf 
2% β-CD-HPEI-PSf 
17 
20 
76±1.7 
25±1.5 
4% β-CD-HPEI-PSf 24 53±0.5 
6% β-CD-HPEI-PSf 40 60±0.1 
8% β-CD-HPEI-PSf 41 63±0.4 
 
Results for pure water permeability as a function of the different β-CD-HPEI 
loadings are displayed in Figure 6.9. The results indicated that there was an 
increase in water permeability with an increase in β-CD-HPEI loading. Yamasaki 
et al.15 prepared PVA/CD for the pervaporation of ethanol. In this study it was 
found that the addition of CD improves water flux and enhances separation of 
ethanol and this is because the also creates new polymer/CD interfaces as water-
transporting channels. These water channels minimise transport resistance 
allowing water permeation causing an increase in flux.8 Therefore, the presence of 
β-CD-HPEI nanostructure had the same effect on the membranes, i.e. by creating 
additional water channels within the membrane and thus enhancing water 
permeation. 
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Figure 6.9: Pure water permeability of β-CD-HPEI-PSf membranes with different 
loadings. Water permeability for commercial PSf = 101 ℓ·m-2·h-1. 
6.6.2 Rejection studies of humic acid 
The membrane performance towards the rejection of humic acid was evaluated. 
Humic acid rejection percentages obtained were 47%, 86%, 83%, 85% and 84% 
for commercial PSf, 2% for β-CD-HPEI, 4% for β-CD-HPEI, 6% for β-CD-HPEI 
and 8% for β-CD-HPEI, respectively. Hamid et. al16 reported humic acid rejection 
of 70-90% for PSf hallow fiber membranes doped with TiO2 and polyvinyl-
pyrrolidone of which is comparable with the humic acid rejection achieved 
understudy. The two key membrane rejection mechanisms were considered and 
these were due to a combination of size exclusion17 and the presence of β-CD-
HPEI in the membrane structure. The commercial PSf membrane has an average 
pore size of 4.8 nm compared to the size of the humic acid molecule (2.1 nm), 
hence the low apparent rejections. The modified membranes had high humic acid 
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rejection because the pore sizes were 1.49 nm, 1.50 nm, 1.54 nm and 1.89 nm for 
2%, 4%, 6% and 8% β-CD-HPEI-PSf, respectively, and these pore sizes were 
smaller than the humic acid molecule size thus making it difficult for the humic acid 
to penetrate the pores resulting in a higher separation of humic acid solute.17  The 
obtained pore sizes of the modified membranes did not differ from the pore size of 
1.53 nm reported by Chiang et al.7 for nanofiltration membranes prepared using 
hyperbranched polyethyleneimine and trimesoyl chloride. The β-CD-HPEI-PSf 
membranes also contains hydrophilic –OH, -NH groups that can bind water 
molecules through hydrogen bonding, forming a thin water film that can partially 
repel humic acid, thus enhancing rejection. This phenomenon has also been 
reported by Hwang et al.18 where polyphenylsulfone/polyetherimide (PPSU/PEI) 
membranes were used in the removal of humic acid. As the PEI content was 
increased the humic acid absorbed decreased because there was an increase in 
the hydrophilicity (amino groups) of the membrane which resulted in the formation 
of the thin water layer on the surface of the membrane thus inhibiting humic acid 
adsorption.18 
For the modified membranes shown in Figure 6.10, a constant solute flux was 
maintained throughout the experiments for the modified membranes. It was noted 
that increasing the β-CD-HPEI content increases the flux. This is because as the 
β-CD-HPEI content is increased from 2-8% the pore size as well increased from 
1.49 nm -1.89 nm hence affecting flux. Therefore it is expected for PSf (pore size 
diameter of 2.1 nm) to have a higher flux than the modified membranes. Hwang et 
al.18 also reported that blending PEI increases the pore radius thus increasing 
permeate flux of humic acid. A slight increase for PSf membrane was observed 
after an hour this could be due to some humic acid deposits on the membrane 
being washed off thus increasing the flux of water.  
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Figure 6.10: Variation of solute flux with time during filtration of 50 mg L-1 humic 
acid solution at 0.6 MPa. 
6.7 Fouling properties of the membrane 
Figure 6.11 portrays the contact-angle measurements of the clean and fouled 
membranes. The contact angle of the PSf membrane showed an increase from 
76° before humic acid filtration to 81° after humic acid filtration. The modified 
membranes also exhibited an increase in contact angle after humic acid filtration, 
2% β-CD-HPEI (25° to 56°) and 4% β-CD-HPEI (53° to 59°). A decrease was 
noted for the membranes loaded with higher β-CD-HPEI material, i.e. 6% β-CD-
HPEI (60° to 58°) and 8% β-CD-HPEI (63° to 55°). A change (decrease/increase) 
in the contact angle after humic acid filtration was due to humic acid deposition. In 
studies conducted by Yuan and Zydney19 it was found that humic acid fouling 
caused a significant increase in the membrane contact angle from 44°±4° to 
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74.4°±3° after filtration through 30 kDa with Aldrich humic acid as compared to 
53.2°±2° after filtration of Suwannee River humic acid. The high increase in the 
contact angle after filtration with the Aldrich humic acid was attributed to the 
hydrophobicity of the humic acid used.19 The decrease in contact angle at high β-
CD-HPEI content was due to deposition of aliphatic hydrophilic humic acid. This 
phenomenon was noted in a membrane bioreactor used for restaurant water 
treatment.20 After fouling experiments, the membrane contact angle decreased 
from 70° to 57.6°±0.3° implying that hydrophilicity was enhanced. This was caused 
by the membrane being covered by inorganic foulants such as Mg, Al, Ca and Fe 
present in the wastewater; these foulants were more hydrophilic than the 
membrane.20  
 
Figure 6.11: Contact-angle characterisation for clean and fouled membrane 
SEM micrographs in Figure 6.12(A) showed humic acid deposition on the PSf 
membrane. When comparing this image (Figure 6.12(A)) with the clean PSf 
membranes in Figure 6.6(A) a denser and rougher morphology is observed 
caused by the accumulation of humic acid on the surface of the PSf membrane. 
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When comparing the clean and fouled membranes of 2% β-CD-HPEI-PSf in 
Figures 6.6(B) and 6.12(B), respectively, a few aggregates on the surface of the 
fouled membranes were noted giving an indication of humic acid deposition. 
Figures 6.12(C), 6.12(D) and 6.12(E) show fouled membranes of 4%, 6% and 8% 
β-CD-HPEI with little accumulation of humic acid on the membrane surface 
resulting in negligible fouling when compared with the clean membranes (Figure 
6.6(C)-6.6(E)). These results demonstrated that, deposition of the humic acid was 
more for the hydrophobic PSf membrane than the hydrophilic β-CD-HPEI-PSf 
membranes.19 These findings were supported by studies conducted by Yuan and 
Zydney19, where hydrophobic membranes were found to be more prone to fouling 
than hydrophilic membranes. The antifouling property was due to the presence of 
the hydrophilic groups introduced by the β-CD-HPEI moiety which creates a 
barrier to humic acid adsorption and deposition in the membrane. 
 
 
(A) (B) 
(C) (D) 
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Figure 6.12: SEM Micrographs of fouled membrane over 1.7 hours: (A) PSf; (B) 
2% β-CD-HPEI; (C) 4% β-CD-HPEI; (D) 6% β-CD-HPEI; and (E) 8% 
β-CD-HPEI 
6.8 Conclusion 
Commercial PSf was successfully modified using interfacial polymerisation 
reaction of aqueous β-CD-HPEI and trimesoyl chloride (organic phase).  Various 
concentrations of β-CD-HPEI (2% to 8%) were successfully embedded on PSf 
membranes and the modified membranes had a high rejection towards humic acid 
coupled with less fouling as compared to the unmodified PSf membrane. SEM 
analysis revealed that the surface became denser as the concentration of β-CD-
HPEI was increased and this was also accompanied by an increase in surface 
roughness. The contact-angle measurements revealed that the addition of 2% β-
CD-HPEI enhanced the hydrophilicity (25°) as compared to the addition of 4% β-
CD-HPEI, 6% β-CD-HPEI and 8% β-CD-HPEI. Although the hydrophilicity was 
compromised, the loading of 6% β-CD-HPEI and 8% β-CD-HPEI onto PSf proved 
to be ideal since water permeability, flux and rejection were greatly improved. The 
hydrophilic character of the modified membranes was found to prevent humic acid 
deposition on the surface of the membrane. Therefore, these results suggest that 
PSf surface properties can be modified by different amounts of β-CD-HPEI to 
result in tailored membranes that can meet different industrial applications such as 
water treatment and fouling mitigation of humic acid. 
(E) 
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CHAPTER 7 :   
COMPOSITE POLYESTER MEMBRANES WITH EMBEDDED DENDRIMER 
HOSTS AND BIMETALLIC FE/NI NANOPARTICLES: SYNTHESIS, 
CHARACTERISATION AND APPLICATION TO WATER TREATMENT 
**
 
 
7.1 Introduction 
Membranes have gained a lot of attention in the chemical technology industry and  
have been used in a wide range of applications such as the production of high 
quality water, as well as the removal and recovery of toxic and valuable 
components from industrial effluent.1 The introduction of membrane technology in 
separation and concentration has become industrially viable due to high efficiency 
of separation and simplicity of operation.1 Traditionally membranes have been 
used in separation processes based on size exclusion, solution diffusion or 
Donnan exclusion.2 However, the fabrication of membranes with novel materials 
such as nanostructured dendrimer-cyclodextrin (Figure 5.1(A): Chapter 5) and Ni-
Fe bimetallics can extend their application towards advanced separation and 
catalysis. 
Dendrimers are highly branched, globular, nanoscopic macromolecules with 
numerous terminal groups.3 Dendrimers are regarded as high-performance 
materials; over the past decade they have been receiving greater attention due to 
their exquisite structure, and have found many possible applications in the field of 
catalysis, drug delivery and biomimetics.4,5 Poly(propyleneimine) (PPI) dendrimers 
are macromolecules with three-dimensional structures which consist of an interior 
diaminobutane core, interior branching units (propylene imine) and peripheral 
functional groups (NH2 groups in the un-functionalised polymer).
6 The use of 
dendrimers in bimetallic and monometallic nanoparticle synthesis is well 
established and this has led to the production of nanoparticles which are cone-like, 
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spherical or disc-shaped , soft and with very low polydispersity, and with sizes in 
the range of 1 nm to 3 nm.7-10 A number of key factors make dendrimers 
particularly interesting in nanoparticle and macromolecular synthesis. Firstly, 
dendrimers have a high number of internal amine functional groups, which can act 
as ligands to complex metal ions such as Cu, Fe, Ag and Ni for nanoparticle 
synthesis.7,11 Secondly, the presence of nanocavities in the dendrimer structure 
acts as hosts/templates for the preparation of narrow and stable nanoparticles.12 
The quasi-spherical hyperbranched structure of the dendrimers (generation 4 and 
above) also provides a shell to prevent aggregation of the nanoparticles.11 Thirdly, 
the nanocavities can act as catalytic and adsorption sites for the degradation and 
removal of organic pollutants. Lastly, the highly branched peripheral amine 
functional groups can be grafted with other molecules (such as cyclodextrins) to 
prepare a new generation of multifunctional material. The incorporation of β-
cyclodextrin into dendrimers provides a unique polymer structure that exhibits the 
combination of the two types of molecular cavities as well as characteristics of 
both the cyclodextrin and the dendrimer (Figure 5.1(A) in Chapter 5).13 
Recent advances in membrane research such as the fabrication of nanoparticles 
within structures has been reported. Lee et al.14 fabricated a novel polyamide 
nanocomposite membrane containing TiO2 nanoparticles synthesised via in situ 
polymerisation. The membrane was found to have very high rejection towards 
MgSO4 (95%) and a permeate flux of 9.1 ℓ·m
-2·h-1. Smuleac and co-workers2,15 
prepared Fe/Pd nanoparticles in a polymer film consisting of polyacrylic acid 
coated on a polyvinylidene fluoride membrane for the degradation of 
trichloroethylene and 2,2-dichlorobiphenyl. The inclusion of the Fe/Pd bimetallic 
system in the polymeric film was found to improve the degradation rate from 0.005 
ℓ·m-2·h-1 (for Fe only) to 0.008 ℓ·m-2·h-1 when Fe/Pd bimetallic system was used for 
the degradation of trichloroethylene.2 On the other hand, 2,2-dichlorophenyl was 
converted to phenyl in less than 40 s.2 
Despite these promising results a great deal of work still needs to be done to 
develop more efficient technologies to extract clean water from industrial runoff, 
wastewater and seawater. Currently 40% of the world populations leaves in a 
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water stressed environment thus the demand of water is becoming high.16 The 
drawback of the current technology, such as the use of nanoparticle is that 
particles tend to agglomerate due to interparticle interactions.17 Agglomeration has 
an effect on particle reactivity and results in reduced specific surface area and 
interfacial free energy. This in turn affects the nanoparticles reactivity and 
transportation of the for remediation application.17 Thus in this study a new 
generation of multifunctional membranes embedded with β-cyclodextrin-
poly(propyleneimine) dendrimer and catalytic Ni/Fe centres were prepared and 
used to carry out both catalysis and adsorption. Specifically, β-cyclodextrin and 
generation 3 (G3)/generation 4 (G4) poly(propyleneimine) (PPI) (β-CD-G3 and β-
CD-G4) were incorporated on ultrafiltration polysulphone (PSf) membrane as a 
coating layer to form a polyester composite using trimesoyl chloride. The 
nanofiltration membranes (β-CD-G3-PSf and β-CD-G4-PSf) were then dip-coated 
in Fe and Ni solution followed by metal reduction using NaBH4 to prepare the 
catalytic membranes (β-CD-G3-PSf-Fe/Ni and β-CD-G4-PSf-Fe/Ni). The synthesis 
of Ni/Fe bimetallic system in a β-cyclodextrin dendrimer polysulfone domain has 
not been reported before. To further demonstrate the usefulness of these 
membranes, the membranes were applied in the dechlorination and adsorption of 
2,4,6-trichlorophenol (TCP).  
7.2 Experimental method and procedures 
7.2.1 Materials 
Materials used are outlined in Section 5.2.1. 
7.2.2 Preparation of β-CD-PPI-Fe/Ni membrane  
Prior to the Fe/Ni nanoparticle preparation, the membranes (prepared as 
discussed in Chapter 5: Section 5.2.2) were immersed in NaCl (5 wt%) solution 
(pH = 10) overnight to deprotonate the hydroxyl groups.2 The deprotonation was 
carried out to facilitate metal binding with the membrane. The membrane was 
thoroughly washed with deionised water until the pH became neutral. It was then 
immersed in an aqueous solution containing NiNO3·9H2O (2.4 wt%) and 
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FeNO3·9H2O (7.8 wt%) and shaken overnight to ensure efficient deposition of the 
metal ions onto the membrane. Argon was purged into the solution to prevent 
oxidation. The encapsulated Fe2+/Ni2+ ions were simultaneously reduced with 
aqueous NaBH4 (0.4 M, 25 mℓ) for 20 min and this resulted in the catalytic 
membrane.18 The membrane was stored in ethanol to prevent oxidation. 
7.2.3  Instrumentation 
7.2.3.1 Microscopy (scanning electron microscopy and atomic force 
microscopy) 
Samples were analysed as per discussion in Chapter 5: Sections 5.3.1 and 5.3.2. 
7.2.3.2 High resolution transmission electron microscopy (HRTEM) 
The membrane samples were prepared by sectioning with a diamond knife to give 
very thin sections. These thin sections were examined using HRTEM JOEL JEM-
2100 and this was coupled to energy dispersive X-ray spectroscopy (EDS). 
7.2.4 Membrane characterisation 
7.2.4.1 Water-intake capacity and porosity measurements 
Water-intake capacity and porosity were calculated using Equation (5.2) and 
Equation (5.3) in Chapter 5. 
7.2.4.2 Separation performance tests 
The separation performance tests of β-CD-PPI-PSf membranes and PSf were 
evaluated using a six cell cross flow parallel membrane system shown in Scheme 
5.1: Chapter 5.  
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7.2.4.3 Membrane permeability  
This was determined from pure water flux using deionised water. The water flux 
was (Jw) is expressed in Equation (5.4) in Chapter 5. 
7.2.4.4 Adsorption analyses 
To evaluate the dechlorination performance of the membrane towards 2,4,6-TCP. 
The 2,4,6-TCP solution (50 mg·ℓ-1, 10 ℓ ) was prepared using deoxygenated water 
and this feed solution was passed through the membrane at a pressure of 0.69 
MPa for one hour. The permeate was collected at constant time intervals and 
analysed using an ultraviolet-visible spectrophotometer at 293 nm. The amount of 
2,4,6-TCP adsorbed per unit area of the membrane was calculated using Equation 
(7.1): 
𝑇𝐶𝑃 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝐶𝑓−𝐶𝑝
𝐴
×  𝑉       (7.1)  
where: 
cp is the concentration of the permeate  
cf the concentration of the feed (mg·ℓ
-1)  
A is the membrane area (cm2)  
V is the total volume of the solution (ℓ)       
7.2.4.5 Batch analysis for evaluation of kinetics 
Membranes containing Fe/Ni nanoparticles were immersed in a sealed 
Erlenmeyer flask containing 2,4,6-triclorophenol (50 mg·ℓ-1) solution under argon 
gas. This solution was placed on a shaker and shaken at a speed of 180 rpm. The 
samples were collected at different time intervals using a syringe and analysed 
using an ultraviolet-visible spectrophotometer at 293 nm. The experiments were 
carried out over 1 hour at 25°C. 
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7.2.4.6 Ion Chromatography analysis 
The concentration of chlorine ions was determined using ion chromatography 
(Dionex ICS-2000 equipped with a Dionex Ionpac AS18 (2 mm x 250 mm) column) 
and the samples were first filtered through polyvinylidene fluoride syringe filters 
(0.45 µm) before analysis. 
7.2.4.7 Atmospheric pressure chemical ionisation-mass spectrometry (APCI-
MS) analysis 
The dechlorination by-products (2,4-dichlorophenol, 4-chlorophenol and phenol) 
were analysed by liquid chromatography-mass spectrometry (Waters e2695, 
Separations). A methanol (80%): water (20%) mobile phase was used and the 
injection volume was set at 1 µℓ using direct infusion. 
7.3 Results and discussion 
7.3.1 HR-TEM analysis 
The morphology of Fe/Ni nanoparticles was determined by HR-TEM cross-
sectional images illustrated in Figure 7.1(A) and (B). The TEM micrographs 
illustrate that the nanoparticles were uniformly and densely dispersed within the 
structure of the membrane. The particle sizes ranged from 53 nm to- 61 nm for β-
CD-G3-Ni/Fe and 47 nm to 58 nm for β-CD-G4-PSf-Ni/Fe. The mean diameters of 
the synthesised nanoparticles were 59 nm ± 2.76 nm and 53 nm ± 4.18 nm for β-
CD-G3-Fe/Ni and β-CD-G4-PSf-Fe/Ni, respectively. The corresponding EDS 
(Figure 7.2(B)) affirmed the presence of Fe/Ni within the membranes; the Ni and 
Fe were detected at 7.5 KeV and 6.2 KeV, respectively. Xu et al.18 also observed 
the same EDS line profile for Fe/Ni synthesised in polyacrylic 
acid/polyethersulfone membranes. The synthesised nanoparticles were bigger in 
size than the Fe/Ni nanoparticles individually prepared in generation 2 and 
generation 3 poly(propyleneimine) dendrimers which were in the quantum-dot-size 
range (1 nm to 4 nm).19 In a similar study by Meyer and Bhattacharyya20, where 
Fe/Ni was embedded on cellulose acetate membrane, the particle sizes were 
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found to range from 18 nm to 80 nm within the membrane cross-section. 
Formation of large nanoparticles sizes after synthesis in membranes has been 
reported and is attributed to the fact that membranes have a more open 
structure.20 Fe/Pd nanoparticles were also synthesised in polyacrylic acid 
embedded in a polyvinylidene fluoride membrane and these nanoparticles were 
reported to be in the range of 20 nm to 30 nm.2 However, the Fe/Ni nanoparticles 
synthesised in this study were still in the nanometre range (1nm to 100 nm). 
 
 
Mean particle size= 53 ± 4.18 nm 
Mean particle size= 59 ± 2.76 nm 
(A) 
(B
) 
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Figure 7.1: HRTEM for (A) β-CD-G3-PSf-Fe/Ni and corresponding size distribution 
histogram; (B) β-CD-G4-PSf-Fe/Ni and corresponding size distribution 
histogram; and (C) EDS spectrum 
7.3.2 AFM analysis 
The surface morphology of the membranes was further characterised by AFM. 
The AFM topography and roughness measurements revealed that the change in 
roughness was a result of various membrane fabrication processes. In general, 
the morphology of the membranes changes after coating with cyclodextrin 
dendrimer material followed by subsequent loading of Fe/Ni nanoparticles (Figure 
7.2(B)-(E)) as compared to the unmodified PSf (Figure 7.2(A)). Protrusions appear 
which form ridge-and-valley structures and these morphological changes are 
complemented by the increase in roughness measurements observed in Figure 
7.3. The roughness increased in the following sequence: PSf< β-CD-G3-PSf and 
β-CD-G4-PSf< β-CD-G3-PSf-Fe/Ni and β-CD-G4-PSf-Fe/Ni. Wei et al.5 also found 
that the roughness increased after each fabrication process step, i.e. PSf-
ultrafiltration membrane (5.5 nm) to PSf-ethanol membrane (5.7 nm) (PSf dipped 
in ethanol) and finally PSf hyperbranched polyether membranes (6.5 nm to 12.5 
nm). 
(C) 
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Figure 7.2: AFM images of (A) commercial PSf; (B) β-CD-G3-PSf; (C) β-CD-G4-
PSf; (D) β-CD-G3-PSf-Fe/Ni; and (E) β-CD-G4-PSf-Fe/Ni  
 
 
 
 
 
(A) (B) 
(E) 
(C) (D) 
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Figure 7.3: Roughness of PSf based membranes 
7.3.3 Membrane characterisation for β-CD-PPI-PSf-Fe/Ni 
7.3.3.1 Water-intake capacity, contact angle, pure water flux, and rejection 
studies 
Figure 7.4 shows that generally the water flux increased with increasing operating 
pressure and the water permeability was calculated using the 4 different applied 
pressures. Table 7.1 shows the water-intake capacity, contact angle, porosity and 
pure water permeability of the β-CD-PPI-PSf with Fe/Ni nanoparticles. After 
nanoparticle incorporation the β-CD-G3/G4-PSf membrane the pure water 
permeability was found to decrease from 26 to 20 ℓ m-2·h-1·MPa-1 for β-CD-G3-
PSf-Fe/Ni and from 46 ℓ m-2·h-1·MPa-1 to 16 ℓ m-2·h-1·MPa-1 for β-CD-G4-PSf-
Fe/Ni.  Introduction of the nanoparticle in the membrane matrix reduced pure 
water permeability. It also had a slight effect in the porosity and water content. 
This trend was also reported by Xu et al.18 when Fe/Ni nanoparticles were 
synthesised on polyacrylic acid polyether sulfone composite membrane. The pure 
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water permeability of the polyacrylic acid/polyethersulfone (PAA/PES) with Fe/Ni 
had the lowest pure water permeability (0.27 x 10-4 cm3·cm-2·bar-1·s-1) as 
compared to the PAA/PES (3.03 x 10-4 cm3·cm-2·bar-1·s-1) and PES (76.9 x 10-4 
cm3·cm-2·bar-1·s-1).18 This was attributed to the resistance from the PAA coating 
layer and Fe/Ni immobilised in the membrane which affects the membrane pore 
matrix thus reducing the membrane pore size and porosity as demonstrated by our 
results (Table 7.1).18 Smuleac et al.2 also obtained similar results where the 
membrane permeability was found to decrease after each functionalisation step. 
The water permeability of bare polyvinylidene fluoride membrane was 4 824 x 10-4 
cm3·cm-2·s-1·bar-1 which decreased after the addition of iron to 468.7 x 10-4 
cm3·cm-2·s-1·bar-1. Liu et al.21 also observed that as more components or layers 
are added to the membrane the pure water flux gradually decreases. In this study 
crosslinking of the base membrane chitosan with activated carbon fibre and then 
dip coating in TiO2 reduced the water flux from 34.35 m
3·m-2·h-1 to 19.56 m3·m-2·h-
1.21 As illustrated in Table 7.1 there is a decrease in permeability as components 
are introduced to the base PSf membrane. This is because the addition of 
nanoparticles reduces the membrane pore voids resulting in an increase in 
resistance to water permeation. The membranes coated with nanoparticles 
maintained their hydrophilicity as the contact angle remained below that of the PSf 
membrane. 
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Figure 7.4: The relationship between pure water flux and pressure 
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Table 7.1: Water-intake capacity, contact angle and pure water permeability for 
PSf, β-CD-PPI-PSf and β-CD-PPI-PSf-Fe/Ni membranes  
Membranes Water-
intake 
capacity (%) 
Contact 
angle (°) 
Porosity 
(%) 
Pure water 
permeability  (ℓ 
m
2
·h
-1
·MPa
-1
)  
Thickness 
of surface 
layer (nm) 
Commercial PSf 17 76 15 101 - 
β-CD-G3-PPI-PSf 29 36 23 26 45 
β-CD-G4-PPI-PSf 47 41 42 46 39 
β-CD-G3-PSf-
Fe/Ni 
22 70 18 20 259 
β-CD-G4-PSf-
Fe/Ni 
34 64 27 16 109 
 
7.3.3.2 Adsorptive removal of 2, 4, 6-trichlorophenol from water using PSf, β-
CD-G3-PSf, β-CD-G4-PSf 
Figure 7.5(A) shows 2,4,6-trichlorophenol adsorption of the base membrane (PSf), 
β-CD-G3-PSf, β-CD-G4-PSf. The removal efficiency of all the modified 
membranes was higher as compared to the PSf. As the reaction progressed the 
removal efficiencies decreased and reached a steady state. The modified 
membranes exhibit cyclodextrin dendrimer nanocavities which can efficiently 
adsorb and encapsulate organic pollutants such as 2,4,6-trichlorophenol and this 
network system is present in all the membranes tested except PSf. In a study 
conducted by Li et al.13 polyamidoamine-cyclodextrin (PAMAM-CD) copolymer 
was found to have high adsorption efficiencies towards organic compounds such 
as 2, 4, 6-trichlorophenol (up to 92%), 2,4-dichlorophenol (69%) and Poceau 4R 
(up to 99.6%). It was concluded that these adsorbents were adsorbed to a large 
extent onto the surface or into the PAMAM-CD through interactions with nitrogen 
and oxygen available within the PAMAM-CD copolymer.13 The high removal 
efficiency of modified membranes could be due to the interaction of 2,4,6-TCP with 
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the nitrogen and oxygen available from the poly(propyleneimine)-cyclodextrin 
structure (Figure 5.1(A) in Chapter 5) which are active sites on the surface and 
within the β-cyclodextrin poly(propylene imine) conjugate.  
 
 
Figure 7.5: Decrease in the amount of 2,4,6-TCP adsorbed by membranes with 
time (A); and (B) corresponding flux of 2,4,6-TCP at 0.69 MPa 
(A) 
(B) 
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The corresponding 2,4,6-TCP fluxes of the membranes are depicted in Figure 7.5 
(B). The modified β-CD-PPI-PSf-Fe/Ni membranes exhibited a lower flux than β-
CD-PPI-PSf and native PSf and this was attributed to the increase in the thickness 
of the thin-film layer. The thickness of the selective layer estimated using ImageJ 
Software (Open the image on image J, choose the straight free hand line and 
place it on the area of interest which is the thickness and then take the 
measurement) from the cross-section SEM images is shown in Figure 7.6. 16,22  
The thickness of the film was found to be 45 µm and 39 µm for β-CD-G3-PPI-PSf 
and β-CD-G4-PPI-PSf, respectively. Upon addition of Fe/Ni nanoparticle the layer 
thickness increased to 259 µm for β-CD-G3-PPI-PSf-Fe/Ni and 109 µm for β-CD-
G4-PPI-PSf-Fe/Ni. According to Singh et al.23 composite membranes which have a 
thicker selective layer exhibit a lower flux. In this study, composite membranes 
were prepared by crosslinking L-arginine and piperazine with trimesoyl chloride 
(1% and 0.5%).23 Membranes that were prepared using 1% trimesoyl chloride had 
a ~0.5% trimesoyl chloride with layer thickness of 0.4 µm which exhibited a lower 
flux.24 
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Figure 7.6: Cross section images for (A) β-CD-G3-PPI-PSf; (B) β-CD-G4-PPI-PSf; 
(C) β-CD-G3-PPI-PSf-NiFe; and (D) β-CD-G4-PPI-PSf-NiFe 
7.3.4 Dechlorination studies 
One of the by-products formed during the dechlorination of 2, 4, 6-TCP are 
chloride ions (Figure 7.7). The chloride ions generated by β-CD-G3-PSf-Fe/Ni 
were of lower concentration (~ 0.5 mg·ℓ-1) than β-CD-G4-PSf-Fe/Ni (~ 1.5 mg·ℓ-1) 
and remained at a constant concentration for the time tested (1 hour). Low 
chlorine ions were reported by Schrick et al.24 for trichloroethylene dechlorination 
using Fe/Ni nanoparticles. The low chloride-ion concentration could be explained 
by the formation of insoluble chlorine containing hydroxides or adsorption of 
chloride by metal corrosion products (green rust) thus leading to low detection of 
the ion.24  
(A) (B) 
(C) (D) 
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Fe2+
(aq)
2OH-
(aq)
Fe(OH)2 (S)
green rust  
According to Smuleac et al.2 dechlorination reaction can be affected by two 
factors, i.e. iron oxide and Ni (or catalyst) deactivation due to coverage of oxide or 
hydroxide. Fe (0) can be corroded releasing ferrous ions and these ions cause an 
increase in pH which in turn results in the formation of iron oxide as shown in the 
equation above.20,25 The iron oxide deposits on the surface of the Fe (0) thus 
causing a decrease in dechlorination efficiency of the bimetallic system.20,25  
Therefore, the iron cannot produce hydrogen which can be deposited on the Ni to 
create active sites for dechlorination of 2,4,6-TCP. This can lower the 
dechlorination reactivity of the bimetallic Fe/Ni as seen for β-CD-G3-PSf-Fe/Ni 
membrane. Also as the 2, 4, 6 -TCP is de-chlorinated to other intermediate by-
products the nanocavities of the catalytic membranes may be occupied by these 
molecules thus inhibiting further interaction of the 2,4,6-TCP with the catalytic 
membranes, hence lowering dechlorination. This trend was also observed by Liu 
et al.21 where in situ photocatalytic regeneration of chitosan/activated carbon 
fibre/TiO2 (CS/ACF/TiO2) was affected by the presence of small molecules 
intermediate from oxidation of 2,4-dichlorophenol which inhibited the adsorption of 
2,4-dichlorophenol onto the adsorption site of the CS/ACF/TiO2 composite 
membrane. 
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Figure 7.7: Concentration of chloride ions as a function of time for the 
dechlorination of 2,4,6-TCP under convection mode using β-CD-
G3-PSf-Fe/Ni and β-CD-G4-PSf-Fe/Ni 
To further confirm dechlorination, the permeate was analysed for the presence of 
other products using APCI-MS. The dechlorination products of 2, 4, 6-TCP were 4-
chlorophenol (m/z 128.5), phenol (m/z = 93.0) 2,4-dichlorophenol (m/z = 162.9) as 
illustrated in Figure 7.8. Specifically for β-CD-G3-PSf-Fe/Ni 2,4-dichlorophenol 
was the only by-product detected after 60 min and for β-CD-G4-PSf-Fe/Ni, 4-
chlorophenol  (after 45 min) and phenol (after 60 min) were also detected. These 
products have also been reported by other researchers who have used different 
materials either for degradation or dechlorination of 2,4,6-TCP. Choi et al.26 
detected phenol after reductive dechlorination of 2,4,6-TCP using a Fe/Pd coated 
reactive barrier. Mun et al.27 used an acidogenic sequencing batch reactor to 
successfully de-chlorinate 2,4,6-trichlorophenol to 4-chlorophenol. Gaya et al.28 
used ZnO powder for the photocatalytic degradation of 2,4,6-trichlophenol; gas 
chromatography-mass spectrometry and high performance-liquid chromatography 
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revealed the presence of 4-chlorophenol and phenol as the degradation 
intermediates and complete mineralisation of these intermediates was observed 
after 120 min. 
 
(B) 
(A) 
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Figure 7.8: APCI-MS analysis of 2,4,6 dechlorination products (A) 4-chlorophenol; 
(B) phenol; and (C) 2,4-dichlorophenol 
 
7.3.5 Kinetic studies for the dechlorination of 2,4,6-TCP using batch 
studies 
Data for kinetic evaluation based on the convective mode analysis were not used 
since the rate-constant calculations are based on assumptions (the rate is directly 
proportional to the concentration of reactants) as reported by other 
investigators.2,15 Therefore in this study we opted for the batch analysis to 
calculate the rate of the reaction and this was evaluated using Equation (7.2).19,29  
ln
𝐶
𝐶0
= 𝑘𝑜𝑏𝑠 𝑡          (7.2) 
  
 
where: 
(C) 
  Chapter 7: Fe/Ni membranes 
164 
k is the observed reaction rate constant  
C and C0 represent the concentration at initial time and time t, respectively 
The values of kobs obtained from the linear fit of the data are shown in Figure 7.9. 
The rate constants for the dechlorination of 2,4,6-TCP were found to be  
0.07751 min-1 and 0.06406 min-1 for β-CD-G3-PSf-Fe/Ni and β-CD-G4-PSf-Fe/Ni, 
respectively. These rate constants were found to be higher than those reported by 
researchers who have prepared Ni/Fe nanoparticles using cellulose acetate 
membranes.20 Meyer and Bhattacharyya20 reported a reaction rate constant of 
0.29 h-1  (0.00483 min-1) for the dechlorination of trichloroethylene for Fe/Ni 
nanoparticles embedded in cellulose-acetate membranes which were prepared by 
phase inversion. The low dechlorination reaction rates as compared to our system 
were attributed to the fact that the nanoparticles are impregnated into the pores of 
the membranes thus affecting direct contact between the metal surface and the 
pollutant.25 This hinders mass transfer of the pollutant to the reactive sites of the 
bimetallic system thus lowering the reaction rate. Moreover, a membrane prepared 
by phase inversion will have mass transfer resistance due to its dense morphology 
in the evaporative skin region.20 
In addition, the support used in the preparation of metal nanoparticles plays an 
important role in dispersing and stabilising the nanoparticles. The high reaction 
rate obtained in this study indicates that the cyclodextrin-dendrimer as a host 
produced stable and well-dispersed Fe/Ni nanoparticles, thus contributing to the 
enhanced reactivity. Also, the presence of the nanocavities had a dual function of 
adsorbing the pollutant as well as harbouring the catalytic Fe/Ni thus ensuring 
maximum contact between the 2,4,6-TCP and Fe/Ni which resulted in the high 
reaction rate. 
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Figure 7.9: Dechlorination profiles of 2,4,6-TCP using β-CD-G3-PSf-Fe/Ni (A); and 
β-CD-G4-PSf-Fe/Ni (B) 
(A) 
(B) 
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7.4 Conclusion 
The current study reports for the first time the synthesis of Fe/Ni nanoparticles in 
the presence of the β-cyclodextrin dendrimer. HR-TEM demonstrated even 
distribution of the Fe/Ni nanoparticles and this feature is very important in the 
dechlorination of organic compounds such as 2,4,6-TCP. High dechlorination 
efficiency towards 2,4,6-TCP was observed for the catalytic membranes and the 
presence of chloride ions, phenol,4-chlorophenol and 2,4-dichlorophenol as by-
products indicated that the membrane is feasible as a support for Fe/Ni 
nanoparticles.  
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CHAPTER 8:   
CONCLUSIONS AND RECOMMENDATIONS 
 
 
The following conclusions can be drawn from this study:  
8.1 Conclusions 
 β-CD-G3/G4-PPI conjugates and β-CD-HPEI were successfully embedded 
on PSf membranes using interfacial polymerisation. The FT-IR analyses 
revealed that a polyester thin film was formed on the surface of the PSf 
membrane. 
 β-CD-G3/G4-PPI conjugates were also successfully used as hosts for the 
preparation of Fe/Ni nanoparticles within the PSf membrane. The host 
played an important role in the dispensation and size control of the 
nanoparticles.  
 β-CD-PPI-PSf and β-CD-HPEI-PSf membranes were found to have high 
rejections towards humic acid (>70%), were hydrophilic, and exhibited 
improved water-intake capacity as well as better antifouling properties 
than pristine PSf membranes. Rejection mechanisms of the membranes 
comprised of a combination of size exclusion and hydrophilicity properties 
which were impacted by the presence of the β-CD-PPI and β-CD-HPEI 
nanostructures. 
 The catalytic membranes β-CD-G3-PPI-PSf-Fe/Ni and β-CD-G4-PPI-PSf 
were found to have high reaction rates for the degradation of 2,4,6-TCP, 
when compared with other studies where Fe/Ni was embedded on a 
cellulose acetate membrane for the degradation of trichloroethylene. The 
non-catalytic membranes β-CD-G3-PPI-PSf and β-CD-G4-PPI-PSf were 
also found to have a higher adsorption capacity for 2,4,6-TCP than the 
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pristine PSf. Thus the presence of the β-CD-PPI hosts played a function of 
‘trap and treat’ ensuring maximum contact between the pollutant as well 
as the catalyst. 
8.2 Recommendations 
The following recommendations can be made based on the results generated in 
the study: 
 This study revealed that membranes that were synthesised were indeed 
effective in the treatment of water containing humic acid and 2,4,6-TCP from 
synthetic water samples. Therefore a study using real water samples containing 
natural organic matter is recommended. The natural organic matter can be 
fractionated into various fractions such as hydrophilic and hydrophobic NOM, 
since membranes are also known to reject humic acid through hydrophobic-
hydrophobic interactions. The experiments could also be run for longer times 
(e.g. 3 days) to monitor the rejections and flux. 
 Although the modified membranes (β-CD-PPI-PSf, β-CD-HPEI-PSf and β-CD-
PPI-PSf-Fe/Ni) exhibited high rejection, low contact angles and high water-
intake capacity. The water permeability for PSf was higher than that of the 
modified membranes. During membrane preparation, additives such as 
polyethylene glycol could be used to make the membranes more porous and 
not too compact as observed in the thin-film sections. 
 Since humic acid fouling on the modified membranes was supported by 
techniques FTIR and SEM other additional techniques such as AFM for 
determining changes in surface roughness could be done. Moreover membrane 
fouling analysis can be carried out by calculating the total filtration resistance 
(Rt) of the control (PSf) and the modified membranes (β-CD-PPI-PSf, β-CD-
HPEI-PSf). Where low Rt values indicate less cake formation or humic acid 
deposition/adsorption on the membrane surface. 
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 The amount of catalyst (Ni) used in the bimetallic system is known to have an 
effect in the dechlorination rate, thus studies of 2,4,6-TCP using different 
loadings of Ni have to be pursued. Also the effect of pH is crucial when using 
Fe nanoparticles since at low solution pH values conditions are favourable for 
the corrosion of Fe, thus more hydrogen is generated resulting in a high 
dechlorination rate. However, high solution pH results in the formation of an 
oxide layer on Fe thus leading to passivation of the Fe and low dechlorination 
rates. 
 The use of X-ray photoelectron spectroscopy (XPS) for further characterisation 
of the modified membrane surface. 
 This study showed that both cyclodextrin dendrimer and cyclodextrin 
hyperbranched systems are feasible for use in water treatment. The results 
obtained for both types of membranes, that is, pure water permeability, humic 
acid rejection, permeate flux were comparable. However in the view point of 
commercialisation, hyperbranched polymer can thus be used in further studies. 
This is because they have been proven to be cheaper than dendrimers and 
thus can be employed in large-scale water-treatment regimes. 
